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SYNOPSIS 


SPECTROSCOPIC INVE3TIGATIOK OP SOIlE RARE EiURIH IONS IN 

FLUORITE TYPE CRYSTALS 

D. Narayana Rao • 

Department of Physics 
Indian Institute of Tecimology Kanpur 

India 

This thesis deals with the absorption and fluorescence ; 
spectra of Ho in CaP 2 and BaP^ and Sm"^ in CaPp and the 
fluorescence spectrum of Th-^ in CaP 2 . 

First chapter of this thesis introduces rare earth 

spectrpscopy , and .in particular the optical spectra of the 

rare earth ions in fluorite type crystals. Different problems 

3 + 

faced because of presence- of several centres of RE ions and 
the various techniques developed to understand the optical 
spectrum are cited. Also discussed are the advantages of 
using concentration series, and the study of decay times and 
selective laser excitation in the classification of lines due 
to different centres. I 

The second chapter deals with the description of the 
absorption set-up, the spectrophotometer for recording the ; 
fluorescence and excitation spectra and the vacuum furnace : 
for crystal growing. Absorption spectra are photographed on I 
a 3* 4 m Jarrell-Ash spectrograph in the first order with 5A/ : 
mm dispersion. C¥ Ar^ laser (Spectra Physics model 165-03), i 
Np laser and N 2 laser pumped dye laser (Molectron models 
UV 1000 and DL 300 respectively) are used as the excitation 



sources for recording tiie fluorescence spectra. The spectro- 
photometer consists of a 0. 75 ni Jarrell-Ash grating spectro- 
graph fitted with a photomultiplier tube. She steady state 
spectra are recorded using a picoammeter. Boxcar integrator 
and synchronous signal averager are used for the transient 
studies. Ho^'^:Cai' 2 ? Sm^’^sCai'p and Tb'^’^iCaF.p concentration 
series are grora in a vacuum furnace under fluorine atmosphere 
created by adding ?bF 2 'to the melt. 


The third chapter presents the work on the absorption 

■Zi 

and' fluorescence of Sm'^ ;CaF 2 . The optical absorption spec- 
trum photographed at LITO in the region from 4000 to 6000A con- 

3 + 

sists of seven groups of lines due to dm and a broad band 
around 4300A due to Sm^"*". The seven groups are identified as 
due to the transitions from ^H^y '2 ground sta.te to ^P^y 2 > "^^5/2’ 


4p 4Tji 4y 4 T 4 t 

9/2’ 5/2’ 15/2’ 11/2’ 9 


states. Steady 


state fluorescence spectra of Sm^ :CaF 2 with varying concen- 
trations of Sm are recorded at Llvl in the visible region using 
^2 laser excitation. Pour groups of fluorescence lines due to 




5/2, 7/2, 9/2, 11/2 


transitions are observed in the 


region from 5580 to 7150A, A continuum observed in the region 
from 7000 to 9000A is identified as due to Sm^'*’. Prom the 


variation in the relative intensities of some of the lines, 

5-t' 

it is concluded that there are two centres A and B for Sm"^ . 


Prom the fluorescence spectra recorded by selectively 
exciting each absorption line and from the excitation spectra 



monitoring all the observed fluorescence lines, all the lines 
in the optical spectrum are classified under these centres A 

•I 

and B. Further confirmation of the cle^ssifi cation is obtained 
from the study of decay times. Decay times of of cen- 

tres A and B are found to be 4.3 eis and 5.5 ms respectively. 
Fluorescence from centre B is observed to be very weak, and 
contains very few lines. The spectrum of this centre is not 


analysed. The Stark splittings are derived for all the levels 

involved in the fluorescence and excitation spectra. 

6 

^ 11/2 13 /? fliAorescence groups tdiich are observed to be very 
weak with dye laser excitation, are recorded using the 4765A 
line of the Ar"^ laser. The spectrum recorded using this exci- 


tation is found to be exactly the same as that of centre A, 

“h 4- 

I/ith Ar laser excitation, fluorescence from which is 

900 cm”^ above also observed, at higher temperatures! 


The fourth chapter presents the work on the absorption 

3+ 

and fluorescence of Ho ;CaF 2 . The absorption spectrum photo- 
graphed in the region from 3500 to 65 OOA consists of seven 

5 

groups which are assigned o.s due to the transition from Iq 

ground state to ^Gg + ^^3^ ^^2' 

^B^ states 4 Fluorescence spectrum is recorded using the 

4765A line of Ar"^ laser in the region from 4800 to 7600A for 

5+ 

different concentrations of Ho in CaB 2 . Four groups of 

5 5 5 5 

lines, assigned as originating from B^, F^ + ^ 2 ? and 

are observed. Two groups around 650GA and 7500A are 

5 5 

found to be due to overlapping transitions from ^F^ and F^ 



and + ^82 and respectively. All the lines in the 

fluorescence spectrinn are classified under two centres A and 

B by selective dye laser excitation. This classification is 

also confirmed by recording the excitation spectrum for each 

line and from the study of decay times. The times o f F^, F^+ 

5 5 

S2 and F^ levels are measured to be 10, 1100 and 118 ps 
respectively in centre A and 18, 330 and 145 ps respectively 
in centre B. From the measurement of decay times and by exci- 
ting into different levels, most of the lines belonging to 
5 5 5 5 

F^ ly and F^ -»■ Ig transitions in the b500A group and 

5 5 5 i 

F^ + S2 ly transition in the 7500A group are identified. | 

5 5 ' 

No lines of the -*■ Ig transition also expected, to fall in 

the same region (around 7500A) are observed. I 

! 

From the fluorescence and excitation spectra, the Stark ; 

components of ^^5’ ^^4 ! 

+ ^F^ are derived for both the centres A and B. Variation 

in the intensity of the fluorescence of the centres A and B 

3+ 

for different concentrations of Ho is observed by selectively 
exciting into the absorption lines, of each centre. 

3+ 

Work on Ho sBaF2 is presented in the fifth chapter. 

This crystal is bought from the Semi Elements Co. , USA. The 

observed fluorescence and excitation spectra show that there 

3+ 

is only one centre of Ho x^hich leads to strong fluorescence 
a-nd absorption. Other centres are also present but their 



spectra are found to be too weak to study. I'be present study 

in this system is confined to the analysis of the strong 

centre only. Pour groups of fluorescence lines are observed 

in the region from 4800 to 7600A, as in the ca,se of Ho^'*’sCaP 2 . 

Only two strong groups around 5300A and 7500A due to ^P^ + 

5 5 5 

^2 ^8 ^7 respectively could be analysed. 

The other two groups around 4800A and 65 OOA are observed to 

be very weak. The decay time measurements give a value of 

2450 ps for the 5300A group. Identical excitation spectra of 
5 5 3 5 

G-g + and Kg + P 2 are obtained by monitoring more than 

three lines in the 5300A group. Prom the observed excitation 

C _T_ . 

and fluorescence data, Stark components of ^Ig (below 150 cm }, 
^Kg + ^P 2 and are derived. 

OH” 

Resnits of the studies on Tb sCaPg arc- presented in 

Chapter 6. A variation in the relative intensity of some of 

the fluorescence lines is observed as the concentration is 

varied. A study of the fluorescence spectrum using Ar"^ laser 

as the oxcita,tion (4880A) source indicates that there are 

large number of lines in the spectrum which enn not be accoun- 

3-i- 

ted for with the help of the energy level diagram for Tb'^ 1 

CaPg proposed by earlier workers. It is concluded that there 

are more than one centre for Tb in CaP 2 . Six groups of 

fluorescence lines are observed in the region from 5000 to 

5 7 

7 OOOA which are assigned as from to P^ ^ ^ 2 p 0*' 




In conclusion, two prominent centres are olservod in 

the case of Ho^'^iCai’2 Sm^’*’:Cap2* spectra of Ho^'^i 

BaP2 indicate the presence of onl^one centre with intense 

fluorescence. -Prom the observed fluorescence and excitation 

spectra at IlvT, partial energy level dia.gr ams are derived for 
3 + 3 + 3 + 

Ho jCaP2, Sm""^ sCap2 and Ho"^ iBap2. 'I’he fluorescence spectrum 
3 + 

of I'b'^ ;Cap2 also shows evidence for the presence of more than 

one kind of terbium centres in the crystal, whereas, only one 

centre was reported earlier. Most of the fluorescence lines 

3 + 

in the overlapping transitions of Ho sCaP^ are identified by 
various studies. Two new groups due to the transitions 

^^11/2 13/2 ca.se of Sm^’^:CaP2 which o.ro not 

reported are observed at LHT. Further, which is 

900 cm~^ above the ^G' 5/2 established from the high 

temperature studies. 



CHaPTER 1 


INTRODUCTION 


Rare earths (La to Tb) are a class of elements which 
possess a Xe core of electrons (is^, 2s~, 2p^, 

4s", 4p^, 4d^^, 5s^, 5p^) with N 4f and two or three outer 
electrons, where N varies from 0 (for La) to 14 (for Yb). In 
the trivalent state they have only 4f electrons with the Xe 
core. 

The triply ionised rare earth ions have interesting- 
properties in that their 4f^ electrons are, to a great extent 

p 

shielded by the 5s~ and 5p orbits, and the interaction of 
these 4f® electrons with the crystal field environment is 
quite weak. They retain these 'free ion' properties more or 
less intact even inside solid lattices. The wavefunctions 
remain to be almost pure angular momentum eigen functions and 
the centre of gravity of the crystal field split components 
stay quite close to the 'free ion' values and vary very 
little from lattice to lattice. 

The Hamiltonian of such an f^ electron ion in a 
crystal field is given in standard form by 

^ 2 

H = Ho + E + E ^i (y) li* s^ + Y 

i=3 1 


N 

E 

i=l 


-2m 



where Ho = 



2 


Excepting "v ^ tlie Hamiltonian in the above equation is exactly 
the same as the Hamiltonian for the free ion, 7 is the per- 
turbation dme to the crystal field a.nd is given in spherical 
harmonics as 



E 

1 


m 


^m 

a 


(0 . , ^ ) R - r 


ni 


For tho rare earth ion in a crystal field V<< 5 1. s. 

The f^^ configuration consists of levels, the degeneracy 

of which is pa.rtly lifted by the inter electronic repulsion 
and the spin- orbit interaction (second and third terms in H). 
The electronic repulsion term splits the various terms having 
different 1 and S and the levels with different J values are 
separated out by the spin arbit interaction. The effect of 
these two terms is usually calculated b 3 r a perturbation 
treatment in which it is assumed that the energy separation 
between the various configurations is large and hence they 
do not interact. The off diagonal matiix elements of the 
spin arbit interaction cause mixtures of levels having the 
same J but differing in L and 3 by + 1 and + 1 respectively. 
As a result, the levels finally have only one good quantum 
number J and each level is (2J + l) fold degenerate,. 


Because of the perturbation V, the (2J + l) fold dege- 
neracy is lifted partially or completely depending on the 
symmetry of the crystal field the rare earth ion experiences. 
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Thus it becomes important to know the site symmetry of the 
cation (here because V must transform as the totally 

symmetric representation of the symmetry group of the site. 

In a crystal field, unless the ion is situated at a centre 
of inversion, parity is not a good quantum number, and the 
field brings about a mixture of wave functions belonging to 
configurations of different parities. This makes the elec- 
tric dipole transitions between levels formally allowed, 
which otherwise are forbidden. These are called forced 

electric dipole transitions and have oscillator strengths of 

—6 

the order of 10~ . The spectra are studied in various solid 
hosts mainly as, in the free state these transitions are for- 
bidden. The following discussion pertains to the optical 
spectra of the rare earth ions doped in flurite' hosts like 
MeF 2 , where Me = Ca, Ba, 3r and Cd. 

The optical spectra of the rare earth ions in fluorite 

type crystals consist of sets of line groups lying in the 

ultraviolet, visible as well as infrared regions. Even at 

liquid helium temperatures, the number of lines in several 

of these groups is usually found to be considerably larger 

than the theoretical number calculated with the assumption 

3+ 

that all the EE ion sites experience a field of same symme- 
try. This is due to the charge compensation which is not 
the same for all the rare earth ion sites in the crystal. 
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Each of these centres has its ora set of Stark components 
and corresponding set of lines in the spectra. This multi- 
plicity of the sites and number of transitions from each 
site results in a complex spectrum, and thus characteriza- 
tion of the various sites by optical spectroscopy had been 
a slightly difficu.lt task [l,2]. Houever, the discovery of 
laser actions in these crystals and the advent of lasers as 
the excitation sources have created a neu interest in many 
investigators to obtain energy level structures for these 
systems through the study of absorption and fluorescence 
spectra and different relaxation mechanisms. 

The fluorine atoms of the PIeE 2 crystal form a simple 

cubic lattice. Alternate body centre positions along the 

(100) directions of this lattice are occupied by the metal 

2 + 

atoms. Rare earth ions can enter the lattice at Ca sites. . 
At such sites, divalent rare earth ion experiences a cubic 
crysta-lline field of eight fold fluorine coordination. How- 
ever, rare earths usually enter MeF^ lattice as trivalent 
ions (except in the case of Eu and Sm where they enter 
mostly as divalent ions), and charge comioensation is achieved 
in several ways depending upon many factors a-ssociatod with 
the total crystal growth process. Consequently, triva.lent 
rare earth ions can experience crystal fields of different 
strengths and symmie tries [3] y cubic, tetragona.1, trigonal and 
orthorhombic being the more commonly occuring symii'etries. 
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The most commonly found site"*" is one of tetrago- 

nal (C^^) symmetry. In this case, excess positive charge 
of the rare earth ion is compensated by the occupation of 
one of the six nearest interstitial sites along the (100) 
direction at a distance of a/2 (whore a = lattice constant) 
by an ion. All the RE tMeF 2 type crystals grotm in fluo- 
rine atmosphere show the existance of centres"^ of tetragonal 
symroetry. 

■5+ 

Cubic symmetry for the RE"^ ion results when the 

charge compensation is not achieved locally. The excess of 

— 

in the interstitial site are loosely bound to the RE 
ion and diffuses though the crystal at high temperature. 
Tetragonal centres, thus, can be converted to cubic by hea- 
ting the crystal and then quenching it immediately. The 
interstitial FT ions tfhich diffuse through the crystal are 

trapped elsewhere in the crystal. Slow cooling favours a 

5 + 

position which is close to the RE ion and results in a te- 
tragonal symmetry. 

A trigonal site symmetry results when one of the 

eight nearest neighbour PT (ill) ions at a distance of V'3a-/ 

4 is replaced by O^. Formation of this type of site is a 

function of the oxidation-reduction conditions during the 

crystal growth. Several statistical theories [ 4 ] have been 

proposed to explain the formation and occurance of these 

and various other sites, 

S+ 

+ The RE ion positions in the lattice are referred 
to as sites or centres. 
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It is found that the presence of + ve compensator 
ions like E'a'*' or K"*" (in the form of ItaF or KP added to the 
melt) in the melt results in roa increase of cubic and ortho- 
rhombic centres. The + ve compensator ion replaces Ca ion 
in the third or sixth coordinate sphere of the ion re- 

e? I 

suiting in orthorhombic or tetragonal symmetries for the RE*'^ 
ion respectively. Ions in the sixth coordinate sphere, 
because of their large distance, have only a small effect on 
the crystal field at the rare earth site and the site symme- 
try remains essentially cubic. 

3 + 

Detailed information about the structure of the RE 
centres may be obtained by the electron paramagnetic reso- 
nance method which makes it possible to esta,blish quite re- 

3 + 

liably,. the symmetry of the electric field the RE ion ex- 
periences and the relative abundance of the various centres 
[5]. A study of the electron paramagnetic resonance and the 
optico.l spectrixm gives complete information on the energy 
level structure of rare earth ions in a particular site. 

In this thesis an attempt has been made to obto,in 

3 + 3 + 

the energy level structuresfor the systems Ho sCaPp, Sm t 
CaPp, Ho""^ sBaPp and Tb^ sCaPp from the studies of optical 
absorption spectra and steady state and transient fluore- 
scence spectra. 
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Several methods [l,6] in the past have been used to 
study the optical spectrum of rare earth ions in the cry- 
stals. They are (i) optical Zeeman effect, (ii) the polari- 
zed a.bsorption and luminescence '-.nd (iii) piezospectroscopic 
effect. A study by these methods makes it possible to esta- 
blish the symmetry of the site (centre) corresponding to a. 
given line only if it is well isolated from the rest of the 
spectral lines. But in practice the spectra due to several 
centres overlap and none of these methods are useful to ana- 
lyse the complete 3ta.rk structure from the optical spectrum, 
that is to isol.ate from the general spectrum the lines belon- 
ging to different centres. 

The following techniques which have been developed to 

study the optical spectrum of charge compensated sites in 
3+ 

PlE :MeP^, are used in the present studies. 

1. Variation of crystal growth conditions. 

3+ 

2. Varying concentration of RE in these crystals. 

3. Transient fluorescence studies. 

4. Selective laser excitation. 

1. Variation of crystal growth conditions; 

As just discussed, different crystal growth and heat 
treatment conditions favour the occuinfflce of different kinds 
of centres [7,8]. A study of the variation of intensities 
of the lines and the appearance of new lines among various 
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stich cryst.al.g leads to the classification of lines in the 
optical spectrum under different centres., 

2. Varying concentration of in MeE,^ [S>10] 

This method is to look for sets of lines in the optical 
spectrum (absorption of fluorescence) whose relative intensity 

S4. 

remains constant in all the crystals with different RE 
concentrations. All such lines can be assumed as due to one 
particular centre. The relative abundances of the various 
centres is a function of the concentration of the impurity. 

A brief review of the results of the studies made using the 
concentration series of crystals is given below. It is con- 
sidered that at lower concentration cubic centres would pre- 
dominate. At higher concentrations the distribution should 
change, as feirer lattice sites are available for distant com- 
pensation that a cubic site requires [4]. Experimental evi- 
dence [ 11 , 12 ] does not seem to confirm this theoretically 
predicted behaviour of the different sites with concentration. 

An increase of cubic centres with increase in concentration 
3+ 

of RE in CaEp has been observed by many investigators. At 

3+ — 

still higher concentration dipolar interaction of RE - 

increases leading to the formation of clusters in the lattice 

3+ 3+ 

Formation of dimers is observed in Er sCaPp and Er sSrPp 
by "bright and others [13,14]- A theoretical frame work 
developed for dimers by Neberhuis and Fong agrees with 
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McClure’s observation of the optical absorption line inten- 

2 

sity increasing as N , -^rhere 13 is the number of cations per 
unit volume of the crystal [15]. 

3. Transient fluorescence studies^ 

It is observed that the fluorescence lines involving 
the Stark levels of an 3LJ level of a particular centre 
show the same decay time at all but the lowest temperatures. 
This phenomenon is used in this jnethod to isolate the fluore- 
scence lines of each centre in the observed spectrum. Here 
all the fluorescence lines (assigned to a particular SLJ 
level) having the same decay time are classified under the 
same centre. Ho-^rever, this method cannot be applied when the 
decay times of the corresponding SLJ levels of different cen- 
tres are very close to each other. 

4. Selective laser excitations 

The three methods discussed so far have some practical 
limitations. At very low concentrations, the fluorescence 
from some of the centres majr be very i;.reak. At higher concen- 
trations, fluorescence from different centres may overlap 
and lead to a. complicated spectrum. Thus the actual line 
intensities cannot be measured in such cases. Further, the 
decay times in the ca^se of overlapping lines result in erro- 
neous values, and may lead to the site origins. 
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In tills method, a no-rroi: band dye laser is used to 
selectively excite the absorption lines of specific sites in 
a crystal. The resulting fluorescence arises from the site 
excited only. ITonrosons-nt energy transfer betuec-n different 
sites is not observed [l3,14]. Excitation of more than one 
site is observed only vhen absorption lines of different 
sites overlap. The selective excitation thus simplifies the 
fluorescence spectrum compared to a conventional (broad band) 
excitation. Conversely, single site excita.tion speetraiMcan 
be obtained by monitoring fluorescence line of a specific 
site. 

In the present rrork, all the four methods discussed 
above have been used to study the optical spectrum of Ho'^ : 
CaPp [16], 3m^'^;CaP2,[l7] , «Tb^'^;CaP 2 [18] and Ho^^;BaP 2 [l6] 
and to identify the energy levels of the difl erent centres 
in these systems. Earlier uork [16,17,18] on these systems 
has been limited mainly to the analysis of the spectra in 
terms of one centre, using a ’broad band' excita.tion source. 
Using a concentration series for each of the above systems 
( except Ho :BaP 2 , orlLj^ one crystal of uliich ho.s been bought 
from 3emi Elements Inc. U;3A), %-?hich are grovn in a fluorine 
atmosphere, the spectra are reinvestigated at LET using 
Cy Ar"*" laser, Np laser and Np laser pumped dj^'e laser. All the 
fluorescence and absorption lines observed in the spectra 
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are classified into different centres in the case of Ho ^"^2 
CaPp, 3m iCaPp and Eo"^ ;BaPp and possible sets of partial 
energy level schemes are constructed. Presence of different 
centres is also observed in the case of xb^’^sCaP^- 
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CHAPTER 2 


EZPBHI METAL DETAILS 

ABSTRi iCT 

Absorption spectra are photoerapliod on a 3.4 m 
Jarrell-Ash spectrogrE-pii in the first order ■^jith 5A/mm dis- 
persion. C¥ Ar"^ laser, laser a,nd la.ser p-umped dye 
laser are used as the excitation sources for recording the 
fluorescence spectra. The fluorescence and excitation 
spectra are recorded using a spectrophotometer set-up 
assembled around a 0.75 m Jarrell-Ash grating spectrograph. 

Hp laser pumped dye laser, tunable continuously in the 
visible region, is used for recording the excitation spectra. 

Transient measurements are ma,do using a boxcar integrator 

3+ 3+ 

and a synchronous signal averager. Ho sCaPp, Sm^ sCaF 2 
3+ 

Tb sCaPp concentration series are grovn in a vacuum fur- 
nace, under fluorine atmosphere created bj?- adding PbP 2 to 


the melt. 
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2,1 Experimental Set-up for Recording the Optical 

Absorption Spectrum 

The optical absorption spectra are recorded photogra- 
phically on a Jarrell-Ash 5.4 m Ebert grating spectrograph. 

The spectrograph is provided vri-th interchangeable 15000 LPI 
and 50000 LPI gratings which provide a dispersion of 5A/mm 
and 2. 5 A/mm in the first order. Color glass filters are 
used to cut-off the higher orders s where needed. 

A 750 W tungsten lamp is used as a source of continuum, 
light from the lamp is focussed on to the ci'ystal through a 
water filter to cut off the IR radiation (to reduce the hea- 
ting of the crystal) and is collected on to the slit of the 
spectrograph xcLth a cylindrical lens, a slit width of 25 p 
is used for photographing the spectra. A standard demountable 
cold finger liquid 1 T 2 dewar is used to cool the crystals to 
liquid nitrogen temperature (IHT), The crystals are mounted 
so as to have (l) maximum path length for the light in the 
crystal, (2) maximum thermal contact mth the cold finger. 

Iron arc is used as a standard for wavelength measure- 
ments. Exposure times for photographing the spectra are 
varied from l/2 minto 20 mins depending upon the intensity of 
the lines. All the spectra are photographed on Kodak 
NP27:400 ASA films and are measured on a Carl-Zeiss Abbe 
comperator which has a least count of 1 \x. Weak and broad 
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lines are measured from the densitometer traces of the adsor- 
ption spectra obtained on a Carl-Zeiss ificroderjsitometer. 

2.2 Experimental 3et-up for Recording the Steady State 
Fluorescence and Excitation Spectra 

The steady state fluorescence spectra, excited by the 
C¥ Ar”^ laser, pulsed E 2 l^-ser and laser pumped dye laser 
are recorded by the experimental set-up shown in figure 2.1. 

2.2.1 Excitation Sources/the Lasers Used 

The Cy Ar laser used is a Spectra Physics model l65- 
03 , equipped with an intracavity tuning prism to select the 
lasing x-ra-velength. Tiaximum powers of 1300 , 500 and 250 mw 
can be obtained at 4880A, 4765A and 4579A respectively as 
per the manufacturer's specifications. The output power can 
be varied by varying the discharge current of the plasma tube 
from 10 to 35 Amps. 

The Molectron model UV 1000 I 2 laser, which is used 
mainly for the present studies, is capable of producing a 
peak output loower of 1 mvj- at 3371A with a pulse width of 
10 ns. The repetition rate can be varied from 5 hz to 50 Hz. 

A repetition rate of 10 Hz is chosen for the present studies. 
This amounts to an average power of 100 mw. The cross-section 
of the laser beam is a rectangle of dimensions 6 mm x 25 mm. 
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Holectron model DL 500 dye laser is pumped by the 
UV 1000 laser. Tarious arganic dyes can be excited to 
lase witiiin their fundamental fluorescence bands of 20 to 
60 run width and a continuous tuning can be achieved from 
360 nmi to 750 nm. Present work is carried out with couma- 
rin, fluorescein, umbellif eron, j 16G, P^3 and CVP dyes. Table 
2.1 gives the tuning range of the laser for each of the 
above dyes used in the experiments. Because of the nonavai- 
lability of some of the dyes, the experiments could not be 
conducted in the spectral range 4900-5300A. The grating of 
the DL 300 dye laser is a glass replica blazed at 2,70 pm 
with 600 lines (grooves) per millimeter of grating width. 

To operate over a broad range of output wavelengths, orders 
(n) 4 through 7 of the grating are used, there by maintai- 
ning high efficiency at all wavelengths. The grating is 
driven through a sinebar to provide linear wavelength sca- 
nning. A provision is made to rotate the grating shaft with 
a hand crank. We have added a stepper motor"^ ( Step-Syn^^'^' 
of Automatic Electric Co. India) for driving the grating 
shaft, making it convenient for recording the excitation 
spectrum. The speed of the stepper motor can be varied in 
nine steps, viz., 10, 5, 2, 1, 0. 5, 0.25, 0.1, 0.05 and 
0. 025 rpm. Each revolution of the grating shaft corresponds 
to the scanning of lOOA in the first order and 100 A/n in 
the nth. order. Table 2.1 lists the wavelength increment 

Stepper motor drive has been fabricated under a joint 
project of lasers Laboratory, Department of Physics and 
Advanced Centre for Electronic Systems of Electrical 
Engineering Department, I-. I. T. Kanpur. 
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per one revolution of the grating shaft in the appropriate 
order and the approximate power output in comparison to R6G 
dye, for each of the dyes used. 

2.2.2 Spectrophotometer [ij 

I'he heaui fi-om the H 2 la-ser pumped dye laser (or N 2 
laser or Ar"^ laser), bent upwards by a mirror, is focussed 
on to the crystal under study by a lens. 'iiie fluorescence 
light is collected in a direction perpendicular to the inci- 
dent light and is focussed on to the slit of the 0.75 ni plane 
grating spectrograph which has an asymmetric Czerny-I’urner 
mounting for the grating and a worm and gear arrangement to 
rotate the grating table. 'ihe grating used is blazed at 
5 OOOA and has 1200 grooves/mm. One revolution of the grating 
shaft results in a. 0.1 degree rotation of the grating. A 
mechanical counter on the spectrograph indicates the grating 
setting in hundredths of a degree. A stepper motor similar 
to the one described in section 2.2.1 is also added to rotate 
the grating shaft of the spectrometer. I'his results in diffe- 
rent scanning speeds in the range from 520A/min. to 1. 3A/min. 
Different color glass filters are used to suppress the higher 
order spectra. 

A photomultiplier tube (Pki) lii No. FW 15 O is placed 
in front of the exit slit which replaces the plate holder 
arrangement. 'I'he response of the FVJ 13 O tube is S 20 and 



1 . H 2 Laser 

2. Dye laser 

3. Af laser 

4. Crystal 

5. Filter 

6. Monochromator 

7 . Stepper motor 

$ . Stepper motor drive 
9 . Cam and microswitch 
0. Photomultiplier tube 
i1 . H V power supply 
!2..Picoammeter 
3 . Strip chart recorder 
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BLOCK DIAGRAM OF THE RECORDING 
SPECTROPHOTOMETER . 
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its dark current is 1. 5 nA when operated at 15007 and room 
temperature. I'he input and exit slits of the spectrometer 
can be varied from 20 p to 440 p. Ihe current from the PMT 
is measured with a picoammeter (Eeithley model Fo. 417)^ 
which has' an output of 37 for full scale deflection, and the 

„14 _R 

sensitivity is variable from 3 x 10 amps to 3 x 10 amps, 
host of the spectra in the present case are recorded using 
slit widths (input x output) varying from 40 p x 40 p (for 
strong signals) to 100 p x 100 p (for weak signals), and the 
typical picoammeter current ranges at (3s 1, 0.3) x 10 
amps. i'he output of the picoammeter is used to drive a strip- 
chart recorder (7arian model Fo. G-14A-2) which has two 
speeds of 2.5 cms/min. and 10 cms/min. Generally 2 rpm and 
1 rpm for the grating shaft rotation (both the spectrophoto- 
meter and the dye laser gratings) and 10 cms/min. chart for 
the recorder are used. ‘These correspond to a dispersion of 
1 A/mm and 0.5 A/miu (0.3 A/miii and 0.15 A/mm in the case of 
the dye laser scanning/excitation spectrum) on the chart 
paper. 

'Wavelength markers' on the chart paper are obtained 
[2J for every rotation of the grating shaft with a cam and 
microswitch arrangement shovm in figure 2.2. A cam attached 
to the grating drive shaft (of both the dye laser and the 
spectrometer) closes a microswitch contact once every rota- 
tion and connects a 1. 5 7 dry cell across' the recorder 
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terminals through a capacitor. The capacitor allows a sharp 
spike of voltage to pass through, at the instant the contact 
is closed. During the off period of the microswitch, the 
capacitor is discharged through the resistor to make it 
ready for the next marker. R2 is an isolation resistor in- 
serted in the picoammeter output lead to prevent the shunting 
of the 1. 5 V pulse by the low outiput impedence of the picoa- 
mmeter. 

The wavelength markers are calibrated by recording the 
spectra of He-Me, Ar and Xe low pressure discharge tubes. 

An accuracy of + 1 A and + 0. 3A are obtained for the spectro- 
photometer and the dye laser markers respectively. 

2.3 Experimente.1 Set-up for ±LCCording the Transient 

Fluorescence 

The transient fluorescence spectra excited by ^2 laser 
pumped dye laser are recorded with the expez-imental set-up 
shown in figure 2,3. 

ITere, the output from the PM' is fed to an ac coupled 
pre-amplifier (Tektronix model 1121) througli an emitter 
folloirer. The emitter follower with a large input impedence 
and an output impedence of 50 0 is used to avoid the distor- 
tion of the decay curve due to impedence mismatch. The pre- 
amplifier gain ca.n be varied from 0.2 to 100 in nine steps 
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through an input attenuator. Output from the pre-amplifier 
is fed to either a boxcar integrator"^ or a. synchronous sig- 
nal averager"^ (3SA) for signal processing. ihe output of 
these is fed to the strip-chC'.rt recorder. 

2 . 3.1 Boxcar Integrator [3j 

I'lie boxcar integrator is a gated signal averaging 
device i.^jhich allovs recovery of waveforms lurried in noise, 
i'his instrument utilizes a variable delay gate of selectable 
width which can be fixed at any point on a repetitive wave- 
form. Ihis sampled portion of the input waveform is averaged 
by an integrator x^ith adjustable time constsnt. Because the 
mean value of the noise is zero, the output of the integrator 
will approach the true form of the signal xrith on improvement 
in the 3/11 ratio given by 


D 


/ 


Hi imiorovemen'c 


2 ^ X time jn?nj3tant^-2 


gate width 


In the 'scan' mode of operation, the gate is slowly 
scanned across the signal and the total x/ave form of the 
signal is reproduced at the output. Tho scan period to be 
used for achieving the optimum 3/h improvement is directly 
proportional to the time constant and time base duration 
and inversely proportional to the repetition rate and square 


Both the units are fabricated under a joint project of 
Lasers laboratory, Department of Physics and Advanced 
Centre for Electronic Systems of Electrical Engineering 
Department, I.I.l. Kanpur. 
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of the ge/ce ■'■/icitli,. The mininiim scan period to be 

used is given by 

Time Constant (sec. ) n Time Base (sec. ) 

MSB(mins. ) = ^ ^ — ^ 2 

12 X Repetition Rato {sqc~‘~) x ( Gate width )‘^( sec. 

ihe averaging time constant cm be varied from 0.01 ms 
to 100 secs in 1-5 sequence, while the time base duration is 
adjusted between 100 ps to 20 secs in 1-2-5 sequence. The 
gate width is continuously variable from 0.5 P-s to 0.5 sec. 

The sensitivity of the boxcar integrator is adjustable 
from 50 mY to 10 V in a 1-2-5 sequence and provides an output 
of + 10 V for driving servo-type recorders. 

The 'sync, output’ (4 V - 4 OO ns) from the Molectron Mp 
laser is used to trigger the boxcar, the scope and a digital 
counter (Yamuna (India) model Eo. 614 ). The moving gate of 
the boxcar is used to stop the digital countoi’ thus giving 
the location of the gate across the fluorescence signal, 

Tiarkers in this case a,re obtained in the follo\.jing manner. 

The counter is used in the 'count disabled' mode and the rea- 
dings are taken only when the counter is 'reset'. This reset 
voltage ( f-»20 V) tapped out of the counter is used to provide 
a marker on the chart paper [ 2 ]. 
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2,3*2 Synchronous Signal Averager [ 4 ] 

^ The synchronous signal averager (also known as wave- 

form eductor) utilizes an efficient Traveform averaging tech- 
nique to produce an output which is smooth point hy point 
'average' of the input vjaveform. It has 64 channels of 
capacitor memory, each channel storing the information of a 
minimum of Ijis. The signal waveform is therefore divided into 
64 time segments, and information contained in these segments 
is charged on to 64 capacitors which are serially gated in, 
each time the signal repeats. After sufficient number of 
repetitions, the noise (in each segment) gets averaged to 
small values, but the signal builds up. The capacitors are 
charged through a resistor which is chosen to be as high as 
is compatible with the speed of acquisition to provide noise 
smoothening. 

The charactei'istic time constants pr-ovided with the 
instrument cover a range fi’om 1 to 100 secs in a 1-2-5 
sequence. For initial build up of the. waveform, a lox/er 
time constant is chosen. Time constanit is then slowly increa- 
sed to the highest value to obtain a smooth curve at the out- 
put. ■ 

Sweep duration is continuously variable from 45 P-s to 
few secs, a provision is made for introducing any delay 
between trigger initiation and the start of the sweep. This 



delay can be continuously adjusted betueen a few [is f few secs, 
tfitii proper adjustements of the sweep duration and the delay, 
it is possible to read either the complete waveform or any 
part of it. 

# 

In the ’analyse' and 'read' out modes provided in the 
instrument, the input waveform is stored in the memory capa™ 
citors and can be read out simultaneouslj?". Provision is 
made to ohaerve the wavefoi-m on an oscilloscope as it grows 
towards a final value. I'he analysed waveform is then retai- 
ned in the memory capacitors and can be read out at any time 
desired into a strip-chart recorder at a slow rate, ihe 
waveform can also be stored for longer times in the 'hold' 
mode. The leakage of the memory capacitors is approximately 
1 percent in about 15 mins. 

As in the case of boxcar, the feync. output 'from the 
hp laser is used to trigger the 33A and the scope. Here 
the scan time (or time base) is measured using the digital 
counter. The rise of the time base, ‘rliicli is a square pulse, 
is used to trigger the count ex' and its fall is used to stop 
the counter. 

The S3A is very much more tine efficient than the 
boxcar integrator (64 times faster in the present case), but 
the minimum time base available is appro ximat els^ 50 p.s with 
33A. Thus all the signals with the decay times above 100 [is 
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are processed with, the 33A. Por faster signals, boxcar inte- 
grator is used. 

Estimated values of errors in the measurement of 
decay times due to boxcar and 33 a are about 5 percent and 1 
percent re3pectivel3''. The error is mainly due to the drift 
in the d. c. level of the boxcar and the .jSA outputs. Typical 
decay curves recorded using boxcar integrator and 33A are 
shoTO in figures 2.4a and 2.4b. Figure 2.5 shows the si^al 
to noise ratio improvement by using S3A. 


2,4 The Crjrstals 

Single crystals of Ho;CaP 2 and Sm:CaP 2 free from ©2 
contamination are grown by the author in association with 
Dr. 3. i-luralidhara Rao using a Bridgeman vs.cuum furnace [5] 
developed at Bliabha Atomic Research Centre, Bombay, by the 
latter. The a,uthor is also associated with the building of 
a similar furnace for the Laser Laboratory, I.I.T. Kanpur, 
undei' the guidance of Dr. 3. mralidhara Rao and Tb;CaF 2 
crystals are grown in this furnace. Design details of this 
furnace are brief 3-jr discussed below. 

The vacuum furnace (fig. 2.6a) which can go upto a 
temperature of 1700 C, uses a squirrel cage heater sIioto in 
figure 2.6b. The heater is made out of a gi-aphite rod of 
9’’ length and 4' ' dia and has a resistance of 0.25^ 



Figure 2.6a j Legend 


1. Heater 

2 . G-r aplii t e pi zit c 

3. Water cooled stannless steel electrode 

4. Baseplate! stainless steel) 

5« Vacuum tight seal 

6. Molybdenum shields 

7. Stainless steel shields 

8. Graphite crucible 

9. Grapliite support 

10, Water cooled jacket (stainless steel rod 

11, Wilson seal 

12, Ptj Pt, Rli, thermocouple 
13* Thermocouple gauge hea-d 

14, Penning gauge hea.d 

15, Stainless steel chamber 

16, Tubes for 'watt.r circulation 

17, Windows 
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approximately. I'iie heater is supported on 2 -' ' thick and 4' ’ 
wide graphite plates x-riaich aro screwed to the water cooled 
electrical feed throughs. ihese electrical feed throughs 
project out of the base plate (mE.de of 1' ' thick stainless 
steel sheet) of the furnace through vacuum tight seals- A 
transformer (0-40 Y, 250 A) connected to the a., c. mains 
through a variac (0-250 Y) supplies necessary current for 
the heater. 

io reduce the radiation losses, the heater is enclosed 
with a set of radiation baffles. An inner set of these are 
made of molybdenum and the outer set with stairlLess steel. 

All these radiation baffles are mounted on a molybdenum 
sheet (dia 12' ') which is again supported by four -j.-' ' dia 
stainless steel rods fixed to the base plate. 

'Ihe crucible for the crystal growth is made a. of a 
graphite rod of - 2 ' ' dia and 7’ ' length. A provision is made 
by making seven holes (5'' deep and l/4'' dia) in this rod, 
to grow a set of seven crystals simultaneously. This cruci- 
ble is mounted on a, water cooled sta,inless steel rod (!'* 
dia). This stainless steel rod passes through a Wilson seal 
in the base plate of the furnace (the V/ilson seal is tight 
enough to prevent its sliding under gravity). The crucible 
is lowered through the heater for growing the ci'ystal. This 
is effected by pulling the stainless steel rod dovm by a 
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wire woimd on a laotor driver^ pulley. Present crystals are 
grown using a lowering speed of 6 mra/iir. 

iiie temperature near the crucible is measured td-th a 
Pt; Pt.Rh. thermocouple, the leads of \/hich pass through the 
base plate. I'he base plate is also fitted with 1 . 3 . P. Co. 
(India) thermocouple and penning gauge heads for vacuum 
measurements. A vacuum of 1 . 5 2; 10 ”"^ torr is maintained 
during the crj/stal gro^rth. The base pls/be, and the stainless 
steel chamber which is fitted to the base plate to enclose 
the a.bove assembly are cooled by circulating water through 
coils welded to them. 

A batch of crystals, with the dopant (IIoP^ or 3mP^ 
or 1' cone entrsit ions varying from 0. 01 to 5 percent by 

weight of the host material Cal’2> s.re grom at a. time to 
ensure identical crystal growth conditions. I'he concentration 
series groTjn a.res 0.01, 0.03, 0.09, 0.3, 0. 65, 1.0 and 5 per- 
cent of .HdF^ in CaP2> 0.01, 0 . 03 , 0 . 09 , 0 . 3 , 1.0 and 5 per- 
cent of -•Smi'^ in 0ap2> 0 . 03 , 0 . 09 , 0 . 3 , 1.0 and 5 percent 

of ToS^ in CaF2* exact concentration of the dopant in 

the crystals is not analysed. A small amount of PbP2 is 
added to the chs.rgo to remove the traces of oxygen. 3/4' ’ 
long pieces cut out from these rods s.re polished and used 
for recording the spectra. 
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CHiiPTER 3 


AB3ORPTI0I AND FLUORESCDMCD SPECTRA OP Sm^’^iCaPg 


AB STPiACT 


Measaroments are reported, of the e^bsorption, fluore- 

3+ 

scence, and excitation spectra of Sm sCaPp, and also of the 
fluorescence life tiaes. The absorption spectrum is photo- 
graphed at INT using a 5 percent concentration crystal. 

The fluorescence spectrum is recorded using several laser 

3+ 

excitations and for different concentrations of Sm-'^ in CaP 2 . 

The steady state fluorescence spectrum recorded using N 2 

laser excitation is identified as originating from ^G^^ 2 (-^) 

level and is found to be identiced. to tha,t of Rabbiner’s 

spectrum II [ll]. Decay times are measured for most of the 

intense lines using synchronous signei averager, From the 

observed fluorescence and excitation spectra, it is concluded 

thafc there are tuo centres A and B for Sm^"*" in CaP 2 . A 

3+ 

revised energy level scheme is proposed for Sm"^ in centre A. 
Centre B could not be analysed because of the poor intensity 
of fluorescence and absorption. Fluorescence from '^F^y 2 (S) 
is observed for the first time Tiien the crystal was main- 
tained at^ room temperature and excited by a C¥ Ar^ laser. 
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3.1 Introduction 

Samarium as a dopant has been studied extensively in 

a large number of hosts yielding information on energy levels, 

transition probabilities, etc., in the divalent as well as 

tri valent states, Ihe study of the spectra in CaF2 2aas added 

attraction or complication because of the different site 

5 + 

symmetries of Sm . The object of the present reinvestiga- 
3+ 

tion of Sm sCaF2 "to use a number of experimental techni- 

ques, and to study crystals of different concentrations 
grown under similar conditions. The experimental observations 
include, in addition to traditional absorption and fluoresce- 
nce, recording the excitation spectrum using ^2 laser pumped 
dye laser, determining life times of most of the fluorescence 
lines from pulsed laser excitations, and study of fluorescence 
at low and high temperatures. 

Samarium is the sixth element in the lanthanide series 

5 

and has 4f as the lowest configuration in its trivalent 

6 2 + 
state and 4f in its divalent state. Since Sm occurs very 

readily in MeP2 type crystals, more information is available 

p_i_ 2+ 

on Sm . The optical spectrum of Sm in MeF2 [1,2,3] has 

been investigated in greater detail partly because of the 

2 + 

laser action observed in Sm ;Cai'2. 

Spedding and Bear [4] 'and Lammermannet al [5J have 

3+ 

made extensive studies of the optical absorption of Sm-^ in 
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various salts like Sm01^.6Hp0, 3m (C 2 H^S 0 ^). 9 H 2 O, 3m 

6 K 2 O and 3 m 2 Hg^(I^ 0 ^) 2 ^ 2 * 24 H 20 * Magno and Dieke [6,7] later 

reported the absorption and fluorescence spectra of 3 m in 

anhydrous 3 mCl^ and laCl^. wybourne [ 8 j c^nd Dieke [9j have 

q 

c.uLculated the complete energy level matrices of the f con- 
figuration using the methods of Racah and constructed the 

energy level schemes for Sm^"^ ion. East et al [lOj have 

5+ 

analysed the fluorescence and infrared spectrum of Sm^ in 

the single crystal of laF^. ihe energies of all the free 

5+ -1 

ion states of Sm"^ below 40000 cm have been approximately 

r 6 

established in the literature [11 J« Of the ±1 ground multi- 

plet, '^%l/2 ^^ 15/2 upper 

three fluorescing levels A,B and C are appro :d.mately 1200, 
2400 , 3500 , 4800, 17800, 18700 and 19800 cm"^ above the ^^ 5/2 
ground state respectively. Different investigators have 


■identified the three fluorescing levels a,] 3 and C differently. 

Vilybourne [8], Dieke [9j and hast [lOj have identified these 

three fluorescence levels as and 

Other invest! gat OX’S [l2,13,14J have designated the lowest 

fluorescing level A to Because of this ambiguity, 

the identification given by Dieke [l5j is followed in the 

5+ 

present analysis of the Sm ;CaF 2 spectra. 


Rabbiner [l2,13J,TTho reported two types of spectra 
8 + 

for Sm sCaP 2 ~ spectrum I and spectrum II, has identified 
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tlie three fluorescing levels A,B and C a.s ^^7/2 

4 

Fg/2 respectively, ilabhiner's spectrum i was recorded 

using a light green cr3!'stal grown by deliberately adding 

YF^ to the melt. Spectrum II was obtained using a colorless 

crystal groxm by. using either SmF^, or SmF^ plus FaP. He 

assigned the spectrum I as due to the transition from ^F,j^2 
by 

7/2 » ^■^9/2 

4^71 4 -_ 6 -. 7 


to and 'tiie spectrum II as due to the 


transition from "^^'5/2 ^^5/2* ^^ 1/2 '^^9/2' 

the reason for the occurance of fluorescence from different 
3LJ levels in crystals grown under different conditions was 
not discussed. Rctbbiner has also constructed partial energy 
level schemes for both types of spectra, assuming that the 
spectrum in each case arises from a single centre of Sm^'*',, 
Both the crystals shoxired some lines above 6830A which are 
characteristic of Sm^ , Infact, the light green color of 
the first crystal is due to the jp^resence of a large fraction 
of damarium in its divalent state. 


ISie absorptidh spectruia of ,3m^'^;Cal'2 (0.05 percent 

•z I 2+ 

Sm"^ ; 0. 01 percent Sm ) was first reported by Kaiser et al 

[2J and later by hood and Kaiser [3j. I'he spectrum reported 

3+ 

by them consists of a few sharp lines due to Sm overlapping 
a broad absorption baM due to Sm , Vororiko et al [16 j have 
studied the absorption, fluorescence and excitation spectra 
of Sm^"^ in CaF2 grotm under various conditions. They have 
observed three types of spectra - I, II and III. However, 



41 


none of them have given the complete details of the absorp- 
tion spectrnm in the visible region. 

This chapter mainly deals mth the absorption and 
fluorescence spectra of Sm"^ ;CaP 2 . The optical spectra are 
recorded using different concentrations of ,im and different 

*^■ 4 " 

excitations. T'-ro centres A and B are identified for om-^ 
from the observed spectra. A revised partial energy level 
scheme is proposed for centre A, 

3.2 Experimental Details 

The experimental set-ups used for recording the abso- 
rption and fluorescence spectra are discussed in Chapter 2. 
Crystals used for these studies are gromi with 0.01, 0.05? 
0.09, 0.3, 1.0 and 5.0 percent by weight of 3mE^ in CaE 2 
a vacuum furnace, also described in Chap t ex’ 2. A 5 percent 
concentration crystal is used for the absorption studies. 
Absorption in crystals with loxrer concentrations of Sm is 
found to be very weak. Steady state fluorescence spectra 
of the concentration series are recorded using ^2 laser and 
^2 lasei" pumped dye laser. CW Ar"^ laser is used for recor- 
ding the fluorescencG from 
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3. 3 TliG Optical Absorption Spectrum 

'Ihe optical absorption spectra piiotograplied at 111’ 
in the region from 4000 to 6000A consists of seven groups 
of sharp linos and a. broad band at 43C0A (lig. 3.2a). This 
band attributed to Sm^"^ starts appearing o,pproximately from 
4200A and extends upto 4500A vri.th a peaJc o.t 4246A. lew 
groups of sharp lines (Fig. 3.2b and c)due to are loca- 

ted on the shoulder of this broad band on the higher mve- 
length side. Half width (full ^'/idth 8.t half maximum) of 
most of the absorption lines is found to be 'v3A. Pew lines 
are also observed to be sharper xlth a. half width of a- 1A. 
Figures 3-1 and 3-2 show the densitometer traces of the diffe- 
rent absorption groups and table 3.1 lists the absorption 
lines. 

A compa.rison of this observed spectrum with the spec- 
trum of in LaF^ [lOj and laCl^ [7j lead to the following 

assignments (shown also in table 3.1)^ 


Ateorption Group Ih-'ansition^ Assigns 


4130 - 

4180A 



%/ 2 (I) 

4430 - 

4470A 



^3-9/2^) 

4510 - 

4550A 

%/zi2) 

- 4 - 


4580 - 

466 OA 

%/2(2) 



4730 - 

4850A 

S/2i2) 


hli/ 2 (E) 


+ The alphabatical notation used in the parenthesis is 
similar to the one given by Dieke [15]. 






45 80 to 4660 A 



ui-riij io 4920 A 4960 to 5020A 

Sm"^; CaFa absorptfon at LNT , 5%.Ccnc. 


Fig- 3.1 


4969.0 




Ff6.3.2 A8SCM>TI0N SPECTRUM 4200to^5e0A 
Q. BROAD BAND DUE TO ' 

>&c. SHOULDER LINES DUE TO Sir?* 
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■Table 3.1 


3+ 

Absorption Spectrum of Sm"^ ;CaF2 at 11® 
(5 percent concentratioa crystal) 


Wavelength 

A 

Energy 

cin"^ 

®H3/2(Z) - 

45/2(1) 

4135.0 

24177 

4l 4 9 « 1 

24095 

43 52.2 

24077 

4154. 3 

2.:.065 

4160.0 

24032 

4161. 5 

24023 

4166.8 

23993 

4175.7 

23941 


%/2(H) 

4434. 3 

22545 

4440. 3 

22515 

4443.2 

22500 

4446. 7 

22482 

4449. 5 

22468 

4456. 0 

22 1.35 

4465.8 

22386 


%/2(G) 

4513.3 

22151 

4516.0 

22137 

4520.2 

22117 

4527.0 

22084 

4532.8 

22055 

4546. 0 

21991 


V-avelength Energy 


A 

cm""^ 

y2 ^ ^ 

- Ai3/2(^) 

;-584.8 

21786 

4605.7 

21706 

4612. 2 

21676 

4621. 6 

21632 

4633. 5 

21576 

4642.7 

21533 

4652.4 

21488 

°i:l5/2 ( 4 ) 


4731.1 

21131 

4739.7 

21093 

4770. 6 

20956 

0 

• 

CO 

20897 

4789. 0 

20875 

4804. 9 

■ 20806 

■i-813. 9 

20767 

4825,4 

20718 

4835.8 

20673 

4841. 0 

20651 

4845. 6 

20632 

S5 ^2 ( ^ ) 

- Ag/2(D) 

4882.1 

20477 

4890.7 

20441 

4905.0 

20382 



Table 3.1 » (Continued) 


v/avelength 

A 


Energy 

cm~^ 


Wavelengtli 

A 


Energj^ 

cm~^ 


%/2(Z) - 

■'^G^/2(C) 



4969.0 

20119 

4995.7 

20012 

4977.1 

20086 

5004. 5 

19977 

4985.5 

20053 

5012.8 

19943 
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Absorpt ion Group g_ransitipn_ AssjLgrment 

4880 - 4910a 

4960 - 3020A ^ 

3.4 iluorescence 3pectrpi:i of 3ia^'*':CaPp using Laser 

Steady state fluorescence spectra of CaPp with vary- 
ing concentrations of Sra are recorded erb LLT in the visible 

region using Hp laser excitation. Excitation with Lp laser 

3+ 

is nonresonant leading to a pumping of Sn'^ ions into the 

excited states of ahl the centres through phonon coupling 

in much the sane way as a * broad band' excitation. 1‘hus the 

3+ 

spectrum conts.ins information about all centres of 3m . 
Figures 3.3 to 3.5 illustrate the observed spectrum in the 
region from 5580A to 6550A a,s the concentration is varied 
from 0.01 percent to 5 percent. All the fluorescence lines 
are identified to be arising as due to the transitions from 
level to the various lower , levels. I'he groupvn.se 
assignment is given below: 

Flu orescence .Group trans ition Assignme nt 


5580 - 

563 OA 

S /2 

" %/2 

5900 - 

6100A 

4p 

G5/2 

" %/2 


4 

This iluoi’escing level has been assigned as ^ 5/2 
by Rabbiner [l2] and Babkina [l4]. 
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ELuo r e s c enc e ..Gr ou£ 
6350 - 6550A 

Around 6950A 

(not shoxm in 
figures 3. 3 to 
3.5) 


transition iL ssign inent 

S/2 S/2 

/• h 

^5/2 Sl/2 


The energy of ^2 laser (29656 om'" ) is adequate to 
excite all the three fluorescing levels (47990 cm ) 

(18860 cn”^ ) and '^0^/2 (20030 cm”^)^, but fluorescence 
from only level ^'G ^^2 4s observed at IITT. A continuum starts 
appearing. from 7000A and extends beyond 9000A (which is 


hie approximate limit of the PiiT sensitivity). This conti- 


nuum is assigned as due to the 3m present in the crystal* 


The spectrum is analysed as due to two sets of lines. 
The relative intensity of these two sets show some change 
with concentration. This indicates that these tw© sets arise 
probably from tx.ro different centi-os of Sra-'^ in the crystal. 
The spectrum whose rela.tivG .intensity docreasos irith increase 
in concentration is referred to . 0,3 n .s^t (lines at 5584. 6, 
5599 . Ij 5606. 8, etc., belong' to this set). The second set 
of lines referred to as B set show cii increase in intensity 
from 0.01 percent to 1.0 percent concentration. But in 
5.0 percent concentrcition crystal fluorescence intensity of 
both the sets become weak. 



Barycentres of each level as observed in the present 
expei’iments. 
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3 + 

3.5 Fluorescerxce and Excitation Spectra or 3n :CaF 2 
using ITp Lc-scr Puuped ryo Laser 

Farther information about the A and B sets of lines 
is obtained by recording the excitation spectra and selecti- 
vely excited fluoresconce odth. laser puriped dye laser. 

I'iio 1.0 percent concentration crystoi is clioson for this 
detailed study o.s the intensity of both the sets of lines 
are comparable in it. 


Excitation spectra (uliore fluorescence intensity is 
recorded a.s a function of exciting wavelength) are recorded 


by setting the spectrophotometer for ea.ch fluorescence line 
and sca.nning the dye laser from 4500A to 5700A. the excita- 
tion spectrum of Sm^'^sCaPp was first repoz’ted hj Voror!ko 
et al [l6j. 'i'heir interest, however, was mainl 3 r concentrated 
on the ultra-violet region to study the content of Op in the 
crystals grown under different conditions. In the present 
work excitation spectrum is obtained in the visible region. 


The excitation spectra are recorded at LET by monito- 
ring each fluorescence line recorded with ITp la, 3 or excita- 
tion. Conversely tlic fluorescence spectra are obtained by 
selectively exciting each a.b3crptioii line recorded in the 
o-bsorption spectrum (Section 3.3). The selective excitation 


of most of the absorption lines ha,B lead to fluorescence 
spectra containing exclusively either the A or B sets of 
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lines* In the case of overlapping absorption (or fluoresce- 
nce) lines, the resulting fluoi’escence (or excitation) spec- 
trum contained lines froa both the sots. Excitation spectrum 
recorded in tlio region from 4500 tc 5700A is seen to contain 
two sets of linos A and 3 obtehned by monitoring A and B 

sets of fluorescence lines rc 3 pectivel 3 r. Ihese two sets A 

3+ 

and B are identified as due to the A and B centres of 
in CaP 2 . Figures 3.6 to 3. S show a comperison of the excita- 
tion spectra of centres A and 3 obtained by mor_itoring A 
8-nd B centre' fluorcsconcc lines. Details Of the excitation 
spectrum along vrith the transition assignisents for each 
group are given in ta.ble 3.2. 

The selective excitation of most of the absorption 
lines recorded in the excitation spectra has lead tc fluore- 
scence spectra containing exclusively either A or B centre 
linos. Further most of the fLuoroscer.ee lines that are cla- 
ssified as originating from a given contro (A or B) are seen 
to possess identical excitation spectra. The list of the 
obscr'ved fluorescence lines and theii* centre classifications 
o.re given in table 3.3* Figures 3.10 tc 3.13 show the fluo- 
rescence spectra obtained using the selective excitation. 

The continuum beyond 7000A is found to a.ppeax- ■'.■hth all 
the excitations of centre A as well as centre B. Pa.rt of 
this continuum is shown in figure 3.13. An excitation 



CE'ium- 











Sn?* CaFj i CENTRE 


EXCITATION SPECTRUM OF 
A at LNT. 



!0.3.8b *H5/a(Z)— EXCITATION SPECTRUM OF 

SiT?*:CaF2 i CENTRE A AT LNT. 
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I'able 3*2 ; Excitation Spectrum of Sm 


3 +. 


:CaE2 



Centre A 



Cehtre B 


¥avel ength Energy 

Intensity , 

K 

v7avel er 

igth Energy 

Intensity 

A 

cm"* 

(arb, units ) 

A 

cm~^ 

(aro. units) 

-V 

%/2(0) 




4482, 3 

22304 

6 

4.;98.3 

22224 

7 

4491.1 

22260 

1 

4534.7 

22046 

17 

4502.6 

22203 

8 

4556.1 

21943 

10 

450. 6. 3 

22185 

15 

4603. 0 

21718 

9 

4511. 8 

22158 

4 

4611 . 4 

21679 

4 

4515-3 

22141 

2 

4b28. 5 

21599 

4 


13/2 




4585. 6 

21801 

25 




4591.8 

21772 

56 




4596.1 

21752 

150 




4605.3 

21708 

56 




4610.2 

21685 

32 




4614. 6 

21664 

14 




4619. 5 

21641 

8 




4628. 4 

21600 

10 




4638.0 

21555 

8 




4647. 3 

21507 

7 




4650.4 

21498 

7 




4653.1 

21485 

3 




4660. 4 

21451 

15 




4664. 5 

21432 

2 





(Z) 




4773.4 

20944 

8 




4781. 8 

20907 

10 




4786. 5 

20886 

10 





P The numbers indicate relative intensities of the lines in 
each group in an arbitrary scale. 
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Table 5.2 : (Continued) 


Centre A Centre B 


’./avelength 

Energy 

Int ensity 

'iarel ength 

Energy 

Intensity 

... . .... ^ .... 

cm 

(arb. units) 

A 

cm“^ 

(arb. units 


* " 4/2 

(D) 




4847. 0 

20626 

7 




4862. 0 

20562 

10 




4887. 8 

20453 

20 




4895.4 

20422 

3 




%/2(Z) 

- Sf2 

(A) 




5481. 9 

18237 

8 




5496.2 

18189 

8 




5506.4 

18156 

2 

5538.8 

18049 

95 

5576.2 

17928 

3 

5555.3 

17996 

10 

5583.9 

17904 

'^^150 

5565 . 6 

17963 

23 

5598.8 

17856 

56 

5600 . 0 

17643 

^100 

5605.9 

17833 

120 




5620. S 

17786 

30 
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Table 5*3 » iluorescence Spectrxua of Sm tCa.1^ at ijM' 


Centre 

A jsx:4596.1A 

Centre B 

Ex; 453‘ 

U 7A 

Wavelength 

Energy 

-1 

cm 

Intensity 
(arb. units ) 

Ifevel engtli 

A 

Energy 

cm 

Intensity 
(arb. units) 



%/2U) - 




5584. 6 

17901 

20 

5666. 0 

17648 

Very strong 

559S.1 

17855 

20 




5606.8 

17831 

61 




5621.2 

17785 

A 35 




5909. 9 

16916 

70 

6043. 3 

16543 

20 

5936.2 

16841 

3 

6O52.O 

16519 

50 

5996.9 

16671 

78 

6100. 0 

16389 

3 

6041.4 

16548 

3 

6106. 4 

16372 

3 

6057. 4 

16504 

3 

6120.9 

16335 

17 

6069.2 

16472 

17 




6092.2 

16420 

2 






%/2(A) - 

\/2(X) 



6370.9 

15692 

16 




6401. 0 

15618 

>200 




6436.7 

15530 

13 




6448.1 

15504 

1 

""r 




6466. 8 

15458 

32 




6477. 3 

15-;-34 

26 




6506.0 

15366 

2 




6534.0 

15300 

10 




6545.0 

15275 

4 






%5/2(A) - 




6941.5 

14402 

7 




6975.8 

14331 

19 
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spectrum obtained by monitoring tlic peak of tliis broad band 
at 705 OA slicirs bread bands of absorption in tiie region from 
45 OOA to 57 OUA appro;';ima,.tel;'. iliis fluorescence and the 
broad absorption banid around 430GA coincide well iri.tli the 

'J+ r 

alre-adjr report ec. do.ta on 3m'~ in CaFp l2 53 j. 

■llie deco.y times arc studied using synchronous signal 
averager for all the fluorescence lines of centres A and B, 
E)eeG.y times are also measured using sovero.l of the A centre 
a.nd B centre excitations, nil the fluorescence lines that 


are classified as originating from 

a given centre are seen 

to possess identical dc-ce,y times. 

Pollowing decay times are 

observed. 


Jlu_^ore_s_ciiig level. 

Dec a j_ T i m_e 

centre) 


Sm-^"^ (B centre) 

5 . 5 ms 


-vl po 


Intermediate times arc cAsc observed for the over- 
la,ppirig lines. Per example lines at 6055.7, 6041. 4A, etc, , 
showed decay timos around 4. 7 tis. 

3.6 E.esults and Discussion 

The number of lines in several groups of the fluore- 
scence a.nd excitation spectra is more thaai what could be 
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expected if the site syaiiietry of A centre is assumed as 
cubic (see table 3«4). Also tlie fluorcseencs from A centre 
uas observed to be pclariscd [l 7 j, thus indicating the syimi-e- 
try to be non-cubic. lurther there is roasea to believe that 
the symrietry of 3 centre ccule be cubic [iSj because of its' 
increase in intensity- uith increase in cencertration. I'he 
symmetry cf the A centre is therefore toukon tc be non-cubic 
and consequently ?,11 the levels are considered to be split 
into J + i' Kramer's doublets. lor tetragonal and other 


symmetries which occur usually for the rare earth ions in 
MeP 2 type crystals, transitions between all Stark cempononts 
of Kramer's ions are allowed. fherefere the crystal field 
splitting for the levels with J = 3 / 2 , 5 / 2 , 7/2, 9/2,11/2 and 

13/2 are respectively 2, 3 , 4 , 5, 6 md 7. 'i'ho resulting maximum 
of transitions from J = 5/2 to J = 3/2, 5/2, 7/2, 9/2, 11/2 
£ind 13/2 are 6, 9, 12, 15, 18 and 21 respectively. Details 
of the maximum nuraber of transitions expected in cubic and 
the other centres in i: 0 l '2 are given in table 3-4. She inten- 
sity and numbei= of lines from A centre are found to be adequate 

to enable deriving the Stark splitting of the levels involved 

/ 6-q Gtt 6tt 4/--! 4t ■'+T 4 j Tind 1 

V -^7/2’ ■"■"9/2^ ^5/2» -^9/2' ■^11/2" -^15/2 ^ 5 / 2 ^ 

in the observed fluox’escenco and excitation spectra. Fluore- 
scence a.nd excitation spectra of centre B are observed to be 
weak and ccnta.in few lines. Therefore the spectrum of centre 


B is not analysed. The following discussion pertains mainly 


to the centre A. 
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Table 

3.4 s 

Splittings 2 

Lnd Transitions Involving J 

= 5/2 


Stark Splittirig 

Eo. of Transitions from J 
Level to Different J Level 

= 5/2 
s 

J 



lixpocted for 

Observed in 

centre A 


Cubic 0 tiler 
sym. syiiis. 

Cubic Other 
syni. syms. 

iluo rose on c e~^ Exci t,a t i on ' 
Spectrum Spectrum 

3/2 

1 

2 




5/2 

2 

5 

4 9 

4 

8 and 6 

7/2 

3 

4 

6 12 

7 


9/2 

4 

5 

8 15 

8 

4 

11/2 

5 

6 

10 18 


3 

13/2 

6 

7 

12 21 


14 


+ 

A 

Ccrresponding to 

6 

and transitions. 


\/2(T) 



Correspcndir 

:g to 







Il^/ 2 (f) transitions. 
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To derive tlie Stark splittings of each 3LJ level, 
difference tables ai*e constructed for each group in the exci- 
tation and fluorescence spectra. Frcu these difference 

tables a set cf Stark conponcnts , uhich can explain all the 

4- 6 

groups in the excitation spectra and the -»■ 


6.. 


'5/2' 


fluorescence, are c.erived for the grcunci level 


Stark components of the upper level 


4- 


4- 


and 


-1 


;j.o, ^5/2 » ^9/2’ 11/2' 

derived by adding the energies of the 


-13/2 

absorption lines (from the excitativ..n spectrum) to the ground 

fi 

level Stark components. The Stark ccapcnents of Hr^y 2 and 
are derived from the fluorescence datoi. Transition 
assignments for all the lines in the excitation a.nd fluore- 


scence spectra are shown in figures 3.14 and 3.15 respectively. 
Table 3. 5 lists the po.rtio-1 energy levels derived fer Sm-'^ ; 

C aT'2 . 


From the difference tables constructed for each group 

6tt 




in the excitation spectraim of centre A ^^9/2' 

'1 A A 

‘^^ 2 . 1 /'^’ '^^ 13 /'^ ^^ 5 / 2 ^' cemponents at 0, 48 and 


70 cm”^ are derived for n 


5/2- 


Til ese values for the ground 


level Stark cenpenents are feund to explain all gToups in 


the excitation spectrum and th< 


4/ 


^ 5/2 


'xi;- fluorescence. 


^ 5/2 


3 . 6.2 Transitions Involving level '^P^yr 2 (G-) 

Excitation spectrum of this level of the A centre 
consists cf six lines in the region from 4475 to 4520A 
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(figure 3.6). One line at 4491. lA is found to be very broad 
with a half width of 4A. Sest of the lines have half widths 
of '^1. 5A. 


Stark components of this level arc established from the 
^^5/2 ^ ^ 5/2 spectrum. Throe levels at 22185, 22203 

and 22304 cm"'^ explain all the lines in the A centre ^H^y 2 (Z)-»- 


^5 /2 (G) excitation spectrum. 


Pew weak lines of centre B are observed in the excita- 
tion spectrum in the region from 4500 to 4700A (figures 3.6 and 
3 . 7 ). These lines belong to either ^ 5 / 2 ^*^^ transi- 
tion or -*■ transition. Transition assign- 

ments for these lines is not made in the present studies. Most 
of these lines are found to be broad. 


3 . 6.3 Transitions Involving Level 

Absorption to this level is obsorvod to be very strong 

6 4 

and E^^ 2 ^Z) ‘^I^^^ 2 (^') group (figure 3.7) in the excitation 

spectrum contains fourteen lines of centre A. All the lines 
are found to be very broad with a half width of /v, 4A. Stark 
components at 21498, 21555, 21600, 21685, 21708, 21772 and 
21801 cm”^ for ^I^^y 2 ®^Pl3.in all the A centre lines of this 


group. 
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3.6.4 Transitions Involving Levels /2 

Only seven vroak A centre lines c.rc observed, in th.e 
region frora 4750 to 4SCGA (figure 3.8 ) c err e-spending to tlie 

/i 

levels "^^9/? s' ^^lirily because of (l) very weak 

absorpticn to tlacse levels and (2) very poor leaser intensity 
in this region. Three lines on the lower wavelength Bide 

are assigned c.s due to ^Ii^y 2 ( 2 ’) transiticn and 

6 ..1 

the rest to H^y 2 (Z) ‘^I^^ 2 (i-'’) transition. All the A 

centre lincB in this region arc acccuntod for with a set of 
Stark levels at 20886, 20907 and 20944 cn”^ f-or 
at 20422, 20453, 20562 and 20626 cm"^ for "^ 10 / 2 * 

No lines of B centre arc observed in this region. 

3 . 6.5 Transitions Involving level ^G^^p(A) 

/j 

Excitation spectnin of ‘''Gc;^ 2 (-^) centre A in the 
region from 5470 to 5700A contains thi-ee weak and breo-d linos 
at 5481.9, 5496.2 and 5506. 9A and sopanated far airay from 
then, four intense and shanp lines. The three iroak lines 
could not be due to the absorption into the Ic-.’-er Stank con- 
ponent of "^F ^^2 (S“18860 cm ) , since- the sepanation between 
‘''■G 5/2 (A- 1799 O cm”^) and ‘^¥^^^{' 3 ) is 870 cin“^, a-lieroas 
the separation between the weak and intense lines (5496o2A 

and 5598. OA) is only 233 cm~^. This Ico-ds to the conclusion 

1 

cf the existOLnee of one of the Stark conpenents of "^^ 5/2 
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lying niucli above tlie roaaining tvo. All the linos in the- 

.1 

excitation spcctrun of contru n (except one noak 

line- at 557 s. 2A) are very well explained uith tlio Stark cora- 
penents of "^^ 5/2 17833, 17S04 and 18237 0 ::.“^. 

llicugh the oxcita,tior. wavelengths ( r5S6.1A cf centre 
A o^nd 4534 . 7A of centre B) can punp tlic ions into the 

levels above > fluorescence fren alone is 

observed a.t Llll ihc fluorescence spectrua in the region 
fron 5500 to 72 OOA consists of four groups cf linos, eissignod 
as froa 

IluorescGiice in the region fren 5500 to 5670A is 

A fi 

a,ssigned as due to ^G^^2(4.) transition (figure 

3 . 10 ). This region orith a centre excitation consists of feur 
sharp and intense lines and a weak lino at 5666 . OA which is 
very strong in the B centre fluoroscenco. Excitation spectra 
obtained by monitoring the line at 5666. GA clearly shews that 
it belongs to centre B o.nd not centre i;.. Tliis has also been 
verified by the study of decay times for all the lines in the 
group. A decay time cf 5.5 tis is observed for 5666, OA line 
whereo.3 that for all other linos in this group is 4.3 ns. 

But a weak lino at this wavelength is also observed with all 
the excitations of A centre pa,rticularly when the absorption 
linos between 4400 and 4700A are excited. The presence of 
5666 . OA line in the fluorescence spectrum of 01 centre is 
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explained a.g due 
rption lines cf 
(xfitli full slits 
rved til at tlierc 


to (l) tlie presence of ueak and broo-d abso- 
centre 3 a.t the absorption lines of centre A 
for tlio spectr-c pile tenet cr it lias been obse- 
a,re lar^o nurnlcr cf neak and broad flucrc-- 


scenco lines of centre 3 in the region fren 4500 to 4700A), 
(2) a possible strong coT: 5 )ling of 3 centre 1 evils vith the 
lattice tlircugli phonons Isa-ding tc a non-rosonant excitation. 
Only one sharp and intense line at 5666. OA is observed in 
this region of the B centre spectrum. sfll the lines of the 
^G-^/p(A) -y ^ll^yp(Z) tre.nsiticn are explained idth the Itark 
levels alroEidy derived from the excitation spectrum. 


Fluorescence in the region from 5900 to 6070A (figure 
3.11) due to transition contsiins seven 

lines of centre a with a sharp line sit 5909. 9A. incther 
strong and bro-ad line irith a half xridth of 'v8A is observed 
at 5996. 9A. liiis group is observed tc be the strongest in 
the fluorescence spectrum which is probodoly due to a large 
transition probability between these levels. Lifetime measu- 
rements show a dece.y time of 4.3 ms for all tli*.- lines except 
for the two lines at 6041.4 a and 6057. 4A close to the 6052A 
line which is due to the B centre. Those two lines, when 
excited with 1^2 laser, show a decay time of 4.78 ms, which 
is in between the decay times for A and B centres. Both the 
lines, however, show a decasr time very close tc 4.3 ma when 
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A centre lines are selectively excited using the dye laser. 
This indicates that these two lines belong tc A centre only, 
ilucrescence of B centre in this region contains five lines 
including the strong line at 6052. OA. 

6550-6550ii group (figure 3-12) is assigned as due to 

4 6 

the transition. This group contains nine 

lines and all of them show a decay time of 4.3 + 0.5 ms. 

6401. OA line is found tc be the only strong line in this 
group and is approximately ten times stronger than the rest 
of the lines in this group, he lines of centre B are obser- 
ved in this region. 


Only two lines of centre A could be identified in the 

region from 6900 to 7050A (figure 3.13) because of the con- 

2 + 

tinuum due to 3m . These two lines are assigned as due to 

4,6 

the transition. Even in this region no 

lines of B centre are observed. 


Using the pcsitirns of the Star! components of 

derived from the excitation spectrum, the Stark components 

6 6 

of Erj ^2 ^9/2 centre A are derived (by subtracting 

the energies of the fluorescence lines from the energies of 
the Stark components of fluorescence from the 

Stark component at 18237 cm~^ of ^< 3 - 5/2 likely to be very 
weak at LNT with any excitation, since the ions in this 
would relax very fast to the lower Stark components through 
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mxilti phonon processes. Also, at Lh’i, this Stark i oV - e^ has 

r 

very small population. ihe observed number of fluorescence 


.nes s-re in good e>greement ’-rith the numoer of lines expe- 
;ed with the energy level scheme developed for 


6 6 

and components at SGG , 1.158, 1434 and 

1484 cm“^ for and at 2214, 2373, 2399, 2533 and 2558 cm~^ 


Egy 2 derived from the fluorescence spectrum. Since 


only two lines of "^ 0 - 5/2 °%l/2 

excitation, the Stark components of 
derived. 


observed with dye laser 


"" 11/2 


could not hi 


3« 7 Steady State ELuorescence Spectrum of 3m^ 2CaP2 
Using 476 5A Excitation of Ar*^ Laser 


It is observed that 4765A excitation yields a pure A 
spectrum, all the lines of A centre being reproduced in posi- 
tion and relative intensities. Ihis probably is due to 
4765 A excitation being very strongly ccuipled to A centre 
alone through phonon coupling. Remarkably, with this exci- 
tation, the intensities of both B centre and Sm'^’^ fluoro- 
scence are observed to be very weak. 


2 + 

This reduction in intensity of 3m fluorescence 
(around 705 OA) enabled the measurement of the A centre fluo- 
rescence lines due to ^ 0 - 5/2 

transitions, which otherwise are masked. I’he spectra of 


11/2 "^^ 5/2 ^^ 3/2 



Cnf’ 

— — 18237 




FIG. 3.17 PARTIAL ENERGY LEVEL DIAGRAM OF SrS^tCaF^ 

SHOVING THE OBSERVED FLUORESCENCE LINES OF 
AND *Ho^ TRANSITIONS OF CENTfC A 
AT LNT EX:4765A OF At USER). 



Table 3.5 : Huorescence Spectrum of Sm^'^sCap2i 

Excitation: 4765A‘, ■* ('«>') 

and ^ Centre A 

wavelength. Energy Intensity 

A cm*"^ ( ar b . uni t s ) 




\l/2 


6941. 5 

14402 


i_-r 

6975.8 

14331 


89 

7048. 5 

14184 


17 

7053.7 

14173 


11 

7081. 5 

14117 


6 

7123. 5 

l4 Gp-i- 


6 

7131. 7 

14018 


18 

7150*0 

13982 


3 


''Ct5/2(A) " 

®H^3/2(V) 


7669. 1 

13036 


11 

7710.0 

12967 


5 

7778.1 

12853 


10 

7875.0 

12695 


3 

7923.4 

12617 


25 

7937.0 

12596 


8 

7977.0 

12533 


5 
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these transitions are shown in figures 3«13 and fable 
3.5 lists the observed fluorescence lines with 4765A excita- 
tion. 


11^1/2 fluorescer ce g: 


6940 to 715OA (figure 3.13) corh 


ooue in the region from 


;ifiht linos out of which 


only two lines at 6941. 5A and 6975. 8A are fooind to be very 
sharp. fhe rest of the lines are broad a-iod weak. 

n ^ .pn , ( r-icxrr\ ^ nr-,.- r,:. ^ „ j : 


^U3/2 


fluorescence group (7650 to SOGOA) contains 


ieven lines, sill of which arc observed to be V€ 




broad. Both these groups contain much lesser number of 
fluorescence lines (8 and 7) than what are expected (12 and 
14 respectively). i'hus all the Stark components of these 
two levels could not be obtained. Pigiire 3.17 shows a 
possible partial energy level diagram which explains all th< 


observed fluorescence lines in the ^6. 


\l/2 


> rL^^/2 'Gransitions. as ; 

6 

the Stark cojiiiDoncnts of n. 


11/2 


"13/2 


ilrj y2 aHQ, 

are obtained 


by subtracting the energies of the fluorescence lines in 
these two regions from the energies of the Stoirk components 


of the originating level , ^G- 


5/2“ 


L'he Stark components at 3502, 3660, 3718? 3799? 3815 


and 3851 cm for H 


11/2 


and those at 4867? 4980, 5212 and 


5304 cm for 


13/2 


explain the fluorescence groups terxai- 


nating at ^^3/2* 
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3.8 Concentration Dependence of the Fluorescence 

Fluorescence spectra are recorded using various exci- 
tations for diilorent ccncentraticns of in CaP 2 . The 

spectra obtained adth. lip laser excitation are shoTO in figu- 
res 3.2 to 3.4. The specara are also obtained by selectively 
exciting each centre of uitli the d 3 ro laser (not shown 

in figures). These spectra arc- found to be similar to the 
ones shown in figures 3.2 to 3.4 except for the disappea- 
rance of the lines due to the centre other thou the one exci- 
ted. 

All the lines of centre A increase in intensity with 
the concentration and reach a maxiDum around 0. 3 percent. 

Then the intensity of all the A lines decreases and becomes 
very weak in the 5 percent concentration crystal, 
ihll the B centre lines show an incre-ase in incensity with 
concentration and have maximura intensitj'- at 1 percent concen- 
tration. In the 3 percent crystel, the intensity of even 
this centre reduces slightly, which is probably due to the 
ion-ion interactions o,t higher concentrations. 

The relative intensities of all the lines in each 
centre however, are found, to be the seime for all concentra- 
tions (thereby confirming the analysis of the spectra). It 
is also observed that the intensity of the fluorescence 

increases slowly with the increase of concentration and has 
a. maximum intensity in the 5 percent crystal. 
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3.9 High I’emperature Fluorescence 

iiot much inforiaation is availat-lo in the literature 
about the energies of levels -:e-d 

Excitation spectra of these levels cculd net ho cbtainod 
bcccouso of the nonavailability of o. le. 3 >-,r c’y,:,- for this re- 
gion. The energy scioaration botreon the fi’ee ion levels 

approximately SOO Becorso of this 

smcLll gap, the aultiplionon transition rc.te between 

4 ii 

and G' 5 /o is very large and the ions in s.re drained 

away to the lower level. At higher temperoitures however, 
thermalization between these levels could allow adequate 
population build-up in the fluorescence from 

this level can thus be expected to incre8.se with temperature 
1 as 


ezp(- BAb) 


where E is 
two levels 


the characteristic enorg;' separation bet-ween the 
and K is the Bcltzman constant. 


Thus ,t'h ore is a good chancG tliat if the experiment 
is carried out at higher temperatures, the fluorescence from 
may be observed. Earlier experiments cf recording 
fluorescence at higher temperatures did yield fluorescence 
from thermally accessible levels [l9j. 




FIG. 3.18 FLUORESCENCE SPECTRUM OF Sm* CaF2 
AT 30CPK OF 

Ar* LASER . 
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1 temperature 
fluorescence could net 


ncueverj even e- o a 


" 3/2 "- 5/2 

laser 'because of its vSaall avere^ge pc 

could be recorded a.t room temperature 

of C\/ Ar"*” laser wiiich has about 1300 

-.'itli 4579A line adiich lias only <x, 250 

rcscence could be recorded only at hi 

550 K). 


of 550 K tiiG 
be observed using dye 
uei' ( -vlO an). It 
vith 4880 a excitation 
nxj of pouer output. 

:.iu of poeier, this flue- 
gher 'Geiiip cr atur es 


Figure 3. 10 shon 
300 K (R'l) using 4860A 


"■ -*■ 

O ^3/2 ^ 

line of Ar"*" 


H 3^2 fluorescence at 
la.ser. ihree linos are 


observed at 5258. OA, 5278. lA and 5341. 7A. iransition assign- 
ments between different Stark levels are made assuming that 
eJ.1 these lines are because of A centre only. (It Iras been 
already seen that the fluorescence frem centre 3 is very 
weak. ) All the throe lines can be explained with two Stark 
components of ^.t 18715 and 19012 cm'*^. 


COICLUSIOl'IS 

Two different centres via., n and 3 are identified for 

■^4- 

Sm" in CeJp. All the observed tre.nsitions in the excitation 
and fluorescence spectra, arc identified as due to centres A 
and B. At low temperatures a.ll the fluorescence emission is 
from the '^G 3 y- 2 (-^) level. On the basis of these spectra, a 
partial energy level dio,gram is derived for the centre A of 
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Ta-ble 3.6 ; Partial Energy levels of Siii^;CaE 2 Cerivel 

from tlie Fluorescence and Excitation Spectra 
of Centre A 


Energies of 

3LJ Level Stark Components SIJ Level 
cm™^ 


Energies of 
Stark Components 
cm'"^ 


6, 


ii 


5/2 


(S) 


C-r 

n 


7/2 


(T) 



°Hii/2(y) 


6.T 


■^13/2 


(V) 


%/2(A) 


0 

48 

70 


1156 

1434 

1484 

2214 

2373 

23SS 

2533 

2558 

3502 

3660 

3718 

3799 

3815 

3851 

4867 

4980 

5212 

5304 

17833 

17904 

18237 


^-9/2^^^) -0r22 

20453 

20562 

20626 

‘^2.2./ 2^^'^ 20886 

20907 
20944 

■'■Il3/2(^') 21498 

21555 

21600 

21585 

21708 

21772 

21801 

22185 

22203 

22304 
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3m^'*’ : CaF 2 . -&■ list of the Stark components is given in table 
3,6. Life times of tlie level centres A and B are 

found to be 4.3 ns and 5-5 ms respectively. A study of the 
fluorescence with concentra-tion scries shows tlich the occur- 
rence of centre B incroc-sc-s ■;atli incrccise of concentration. 
At very high concei-traticns , the fluoroscor.ee fi-om both 

2+ 

these centres becomes very weak and the intensity of 3m 
fluorescence increases. IluorGSCcnco from I'-'^cl is 

observed for the first time when the spectrum is recorded a.t 
higher tomperatures (300 to 550 K). 
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CHAPl'ER 4 


A330RPTI0iI ANL FLUORLSCEPCE SPECTEik OF Eo^'^sCaPg 


AB3Tx'iAC'E 


x'ibsorption, fluorescence an-J ezcitalion spectra of 
3+ 

Ho :CaF 2 s-TQ recorded at LET. The absorption spectrum is 
photographed using a 1 percent concentration crystal. The 
fluorescence spectrum is recorded using several laser exci- 
tations, and for different concentrations of Ho in CaPg. 
Prom the steady state fluorescence, and the excitation 
spectrum, all the lines in the optical spectrum are classi- 
fied under two centres. Eecay times of all the fluorescence 
lines are measured to confirm this classification. Two 
groups around 6500A and 7500A in the fluorescence spectrum, 
which are observed to be due to overlapping transitions, 

8,re ana,lysed rand the fluorescence lires belonging to diffe- 
rent parent levels are identified. A partial energy level 
diagram is proposed for both the centres of Ko in CaPp, 

A variation in the fluorescence intensity of both these 
centres with concentration of Ho"^”^ in Cap 2 ic studied by 
selectively exciting each centre. 



90 


4.1 Introduction 

Holmium is the eleventh clen:ent in the lanthanide series 
and in its trivalont state, has the lo’Tost conf iguration as 4 f^^^ 
This configuration consists of 47 multinlots which through spin 
orbit interaction give rise to 107 SLJ states with as the 
ground state. Gobrecht [l] was the first to report on the opti- 
cal spectrum of holmium, by photographing the absorption spec- 
trum of Ho 2 (S 0 ^)^ in boras beads at 77 K, in the spectral range 
7500 to 12000A. Machen and Nutting [ 2 j iiere able to construct 
the energy level diagram in the range 3500-7000A by photogra- 
phing the absorption spectrum of H 02 (SO^) 5 H 2 O at various tem- 
peratures between 4 K and the room temperature. Khale [3] 
photographed the absorption spectrum of HoCl^. 6 H 20 and (Ho + 
Yb)Gl^ while Singh [4] studied the absorption specta-um 
9 H 2 O and Ho 20 ^. The first Interpi-otation of the spectra of Ho"^ 
in solids was given by Crozier and Ruiicinan [5] and Hufner in 
1961 , later in 1964 lieke and Pandey |.6J nave studied the ab- 
sorption and fluorescence spectra of Ho" in laCl^, which yiel- 
ded a virtually complete energy level ciagraia upto f’bout 40,000 
cm . More comprehensive theoretical interpretation of the Ho 
energy levels was given by Crozier and iLunciman. Gaspers et al 
[7], with the help of absorption and fluorescence data, esta- 
blished the complete Stark splittings of the levels of Ho"^ in 

laP, below 26000 cm'"^. Some of the other hosts in which the 

3 

3+ 

optical spectra of Ho has been studied are; 
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YPC^ [Sj, CaYC^ [Qj, YGaG [lOJ , YIG [lO] , YAiO^ [ll] and MeF 2 
[L2] (Ye = Ca, Ba, 3 r) and some gla.sses [l3l- 

Vororilco [14] et al observed the stimulated emission 
3-f 

at 55121 in Ho °oCaF 2 s-'t 77 K using optical pmping. They 
concluded this emission corresponds to the ^82 lo 

transition. However, the 3 ^ have net given any details about 
the absorption or fluorescence spectra. Johnson [l5J obser- 
ved the laser action at 2.092 \x in Ho^'^:CaF 2 a't 77 E, on a 
5 5 

Irj to Ig transition. 

Several studies have been performed to ascertain the 
site of holmium ions doped in CaP 2 . Thermoluminescence spe- 
ctrum of the transition ^$2 to ^Ig in the region 5365 to 

5598A has been reported by Mers and Pershan [ 16 ]. They con- 

3+ 

eluded that the Ho ions responsible for the observed spec- 
tra, are located in sites of cubic syimnetry. SclxLesinger 
and Ihippy [l 7 j also studied the thermoluminescence spectmim 
and they attributed the relative change in the intensities 
of emission lines as due to the mobility of Eo ions at 
higher temperatures. They further concluded that at low- 
temperatures the spectrum is due to the presence of more than 
one centre of Ho^”^ (Merz and Pershan reported cubic sites 
only). They have used a 0. 5 percent concentraticaa crystal by 
adding HoP^ to pure CaP 2 . Verber et al [iS] 5 have observed 
the fluorescence around 65 OOA using p-ulsed infrared excita- 


tion. 
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i,PR studios of sCaPp , by iLorieriio and Rybaitovskii 

[iSj skouod tlia,t the ions arc- in a cnjrstal field of 

tetragonal sycacetry, ihe crystals were syntlesized by the 
Stockbergor process in graphite crucibles and fluorine atruo- 
sphere with 0.1 percent HeP^ being added, to the mixture. 

Linear 3t£,rk [2o] effect studios showed tlia.t there eu’e txfo 


tjrpes of trigonal centres. S.ocontly Bansilal [llj using Ar"*” 

laser as the excitation source axid a eencentration series of 
3 + 

Ho in CaP 2 (from 0.01 to 0.i|D reported the flucroscence 
spectra in the rcaige from 4800 to 7600A. Prom the variation 
of line intensities with concentratioiij he attributed the 


spectrum to more than one centre. lioc-ever, he did not analyse 
the fluorescence spectrum comiDletely. 


Because of their complezit 3 ', much work has not so far 

been done to analyse the fluorescence end absorption spectra 
3 + 

of Ho sCaP.;). This chapter presents the work done to identify 
and characterise the optical spectra due to the various kinds 
of centres of holnium in CaP.^ cr 5 ' 3 tal. 


4.2 Experimental Details 

Experimental set-ups used for recording the absorp- 
tion and fluorescence spectra are discussed in Clia.ptex’ 2. 

3 + 

Seven crystals of Cap 2 with different concentrations of Ho 
are grown (0.01, 0.03, 0.09, 0.3, 0.65, 1, 5 percent by 
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weiglit c-f ^ioF^ in CaFp) in a vacuum furnace, also described 
ill Cliapter 2. Absorption spectra are recorded using 5 per™ 


+ 

cent and 1 percent concentration crystals. Ar laser and B 2 
laser pursped dye laser are usod fer reccrding the fluorescence 


spectra. A synchronous signal avcro^i^er is used to study the 
signals xnth decay times more thai- 100 ps and faster signals 
( '^^15 ps) are measured using a bcncar integrator. 


4.3 Optical Absorption dpectrura 

■5+ 

Tho optical absorption spectrum of xio uCaFp recorded 
at 111 consists of seven groups of lines in the region from 
3500 to 65 OOA. Densitometer traces of the absorption spectra, 
recorded using 1 percent concentration ci’ystal are shoim in 
figure 4.1 and table 4 .I lists the absorption lines. One 
absorption group in the region from 4600 to 4750A is found to 
be 'very xj-eah in the 1 percent concentration crystal. The 
data presented in table 4.1 for this group are taken from the 
spectrum recorded xiitli 5 percent concentration crystal. 

There is an over-absorption in all other groups in the case 
of 5 percent crjxstal oind hence the lines of these groups 
could not be measured at liiT. absorption in all other cry- 
stals of the concentration series is too weak to record. 

A comparison of the observed spectrum xrith that of 
in LaP^ and LaCl^ lead to the following transition 
assignments. 
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J£SPi-£t ipn Sr SHE Transition Ass en t 


3590-3620A 

%(Z) 


hp:.) 

412 O- 4 I 6 OA 



■^G^( J } 

443 O- 452 OA 

^13(2) 


^Gg + (I)'^ 

4620-4750A 

hg(2) 


■^ligCn) + ^F2 (6) 

4780-4860A 



5 f^(f} 

529 O- 54 IOA 

^13(2) 


^F^ + ^82 (E) 

635 O- 65 OOA 

hg(Z) 


^F^(D) 

Absorption to 

the levels ^G^(I[) 

and "^KrjiL) which is 


expected to be in the region between 3 S 20 to 4120 A, is not 
observed even in the 5 percent concentration crystal. Host 
of the lines in the absorption spectrum of 1 percent crystal 
are found to be a.pproximately 2A broad (full width at half 
maximum). It is not possible to obtain the crystal field 
splittings of the levels from the absorption data alone 
because of the presence of more than one centre of Ko ion 
in CaF^ which is confirmed from the fluorescence studies of 
the concentration series. However, the absorption data re- 
corded with the tungsten lamp has been used as a verification ■ 
that there are no extra lines in the absorption spectiaim 
other than the ones classified under different centres from 
the selective excitation data. 

+ The notations I and E correspond to tho mixtures of the 
3LJ levels and and ^F^ and ^82 respectively. 



Table 4.1 

: Absorption Spectrum 

of Ho^^:Cap2 

at LNT 

vfevel ength 

Energy 

Wav el ength 

Energy 

A 

cm 




A 

cm 




■ - - - 



4504. 2 

22195 

3596.1 

27800 

4507.9 

22177 

3600.1 

27765 

4515.5 

22140 

3606. 7 

27718 

f— r-r 


3612.4 

27675 

IqCz) ^Egd-I) - 

\{ Z ) 


4622.5 

21627 


4648.1 

21 508 

4123. 8 

24243 

4653.0 

21486 

4137.8 

24161 

4658.1 

21462 

4140. 0 

24148 

4665.0 

21430 

4149.1 

24095 

4670. 3 

21406 

4150.7 

24O86 

4674. 2 

21388 

4152, 7 

24074 

4680.2 

21361 


8 8 / . 

4695.5 

21291 

^IqCz) - 

+ ^E3_(I) 

4703.5 

21255 

4436. 8 

22533 

4709. 3 

21229 

4442.1 

225O6 

4714.3 

21206 

4448. 9 

22471 

4720.7 

21177 

4456.8 

22431 

4730.0 

21135 

4466. 6 

22382 

4740. 0 

21091 

4472.0 

22355 

hg(Z) . 


4481. 2 

22309 

2 

4484. 5 

22293 

4781. 9 

20906 

4488. 5 

22273 

4794. 7 

20851 

4491. 5 

22258 

4806.4 

20800 

4494. 6 

22243 

■ 4810.8 

20781 

4498.8 

22223 

4816.2 

20758 



Table 4.1 • (Continued) 


Wav el ength. 

A 

Energy 

cm~^ 

Wavelength 

Energy 



cm 




■-* ■ ' - 

4819. 7 

20742 

6568, 5 

15699 

4829. 6 

20700 

6570.7 

15693 

4832.8 

20686 

6375.9 

15680 

4837.2 

20667 

6380. 6 

15668 

4841.2 

20650 

6379.2 

15672 

4845. 7 

20631 

6382.6 

15663 

4853. 4 

20598 

6383.8 

15660 

SlgCZ) - + 

^S2 (E) 

6388.3 

6395.2 

15649 

15632 

5291.7 

18892 

6397. 9 

15626 

5308. 6 

18832 

6399.3 

15622 

5518.9 

18796 

6400. 7 

15619 

5324.8 

18775 

6404. 0 

15611 

5332.4 

18748 

6406.0 

15606 

5559.0 

18725 

6407.3 

15603 

5545.5 

18709 

6411. 0 

15594 

5551. 7 

18681 

6414. 0 

15587 

5855.0 

18669 

6416. 4 

15581 

5560.0 

18652 

6418. 0 

15577 

5564.8 

18635 

6420.8 

15570 

5575.0 

18600 

6424.6 

15561 

5584. 0 

18568 

6429. 4 

15549 

5591.0 

18544 

6432.6 

15542 

5400.1 

18515 

6442.7 

15517 



6447. 2 

155O6 

5lg(Z) * 

5(D) 

6451.2 

15497 


6460. 3 

15475 

6358.8 

15722 

6469. 5 

15453 

6363. 6 

18710 

6474. 0 

15442 



6479.5 

15429 



6485.7 

15414 
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4.4 Steady State Fluorescence Spectra of the Concentra- 
tion Series of Ho^’^ in CaF 2 ^^-.ser 

Steady state fluorescence spectra of CaF 2 with diffe- 
rent concentrations of Ho are recorded at Llfi' in the ranae 
from 4800 to 7S00A using 4765A escitation of the Ar’*' laser. 
This excita bion is nonresonant (as can bo seen from the ab- 
sorption data that there is no absorption line at this energy) 
and lea^ds to the pumping of lio'^'^ ions into different excited 
states of all the centres through phonon coupling as in the 
case of 'broad band’ excitation. Figures 4.2 to 4.5 illus- 
trate the observed spectrum with this excitation, in the 
range from 4800 to 7600A as the concentra/bion of Ho is variei 
from 0.01 percent to 5 percent. 


Pour groups of fluorescence lines are observed and the 
following ti'ansition assignxients are ma,de after a comparison 

the lio^'*' in other lattices. 


of the observed spectra mth 

« 

F’l u 0 r e s c ep. c e Group 
4800-4980A 
5250“5550A 
635 O— 6650A 


_T r ansi tip ns sign ment . 

5f^(F) ^'513(2) 

+ ^12(2) ^13(2) 

■5f.(F) ^ ^I^(Y) 

^F3(D) + 

^1^(0) 


7400-7600A 







FIUCRE5CENCE sreCTRUN ’OF Ho; CaFa AT CCMCE-s ^ 

SER'ES. I 
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As in tli^e case, of the spectrum is seen to 

contain two sets of lines,, the relative intensity of these 
two sets shovjiiig, a, Ciiange 'j'd.tli concentration, iiiis indicates 
the presence of at least two centres, each giving rise to 
one set of lines in the fluorescence sioectrum. liie fluores- 
cence lines whose relative intensity increases with increase 
of lio concentration are referred to as '£> sot of B centre 
lines. ‘I'he remaining lines are referred to as A set or A 
centre lines. 

4. 5 Eluorosccnce and Excitation Spectra of Ho^'*’;CaP 2 
using 1^2 Laser Pumped Dye laser 

A detailed study of tho absorption and fluorescence 
spectra has been carried out by recording the excitation 
spectrum and the selectively excited fluorescence at LMl 
using 1'T2 looser pumped dye laser. A 0.65 percent concentra- 
tion crystal is chosen for these studies as the intensities 
of the fluorescence linos of both the sets are comparable 
at this concentration. 

Unlike Dm^'^sCaPp, Ko^^^sCaP 2 presented numerous pro- 
blems because of tho large J values of tho ground level 
(J = 8) as well as the upper fluorescing levels (J = 3 io 6) 
and consequently a large number of Stark components are expected 
for each level even under the highest site S 5 'iim.etry (cubic). 
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As a result, the fluorescence from (or excitation to) these 

levels contain a large number of linos. Since fluorescence 

fi’om the c oricesponding levels of different centres fall in 

the same regions, it is expected that manjr of the lines due 

to different centres may overlap adth each other (which is 

observed to be the case in all the groups), ihe following 

procedure is aciopceo. co identify tiic lines due to different 
3 + 

centres of Ho in Gall. 


Ihe excitation spectra are recoi'‘ded by monitoring each 
fluorescence lino in the 5300A group recorded with Ar'*' laser 
excitation. I'he fluorescence spectra are recorded by sele- 
ctively exciting each absorption line recorded in the absor- 
ption spectrum taken on the Jarrell -Ash spectrograph. As a 
next step, each absorption line recorded in the excitation 
spectrum is selectively excited and the fluorescence spectra 
in the region from 4800 to 7600A are recorded, iiie fluore- 
scence spectrum thus resulted, is again monitored and the 
excitation spectra arc recorded. I'liis pr^'cedurc is repeated 
till identicel spectra (lines being reproduced in intensity 
and position) arc obtained with at least three excitations of 
each centre in the case cf fluorescence. Similarly, excita- 
tion spectra a,re also reproduced by monitoring at least 
three fluorescence lines. i'he selective excitation on many 
lines of the excitation spectrum has lead to the fluorescence 
from cither centre A or centre B exclusively. In cese of 



blie overla.pping absorption (or fluorescence) 3.ines, the resu- 
ltin^; 5 , f luorescej..,ce (or excitation) spectriim contained lines 
from both the centres. Figures 4.6 through 4.15 compare the 
excitation and fluorescence spectra of A and B centres. 

Fi om bile C'jLCi cation and fluorescence spectra shoijn in 
figures 4.6 through 4.15, it can be seen that there is a weak 
'background' through cut the region of each group and all 
the spectral lines arc superposed over this 'background'. 

This weak background ’can be attributed as due to the tails 
of each lino extending over a long region, hence if an A 
centre fluorescence line is monitored, the resulting excita- 
ticn spectrum iiovsiriably contains some lines which are very 
strong in the B spectrum, due to the weak fluorescence ’back- 
ground' of 3 centre at this xavelength. Simil£i,rly xfhen B 
centre lines are monitored, the resulting excitation spectrum 
contained some of the very strong A centre lines. The sele- 
ctively excited fluorescence spectra, contained lines from 
the other centre for this reason. Thus the weak' background’ 
due to one centre reflected in the spectra due to the 
other centre in the form of a xfoak line. This ca.n be easily 
visualised xfith the follomng example. In figure k.8, the 
txro lines at 4778. 6A and 4796. 7A in the excitation spectrum 
obtained monitoring 5437. 8-A- (centre 3) line, are duo to 
centre A, the intensities at these wavelengths being equal 
to the intensities of the 'background' fluorescence of 
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centre A at 5437. 8A when excited by 4778.6 and 4796. 7A res- 
pectively. Those problems are due to the present limita- 
tions of cooling the cryscal to Ih'i' only. (At liquid helium 
temperature, it is expected that there will be more number 
of .well isolated lines in the spectra, which mil load to 
pure excitation and fluorescence spectra). Thus in the pre- 
sent experiments it was impossible to record hundred percent 
pure A and B spectra except in the case of 4778. 6A and 
4796. 7A excitations of A centre where the fluorescence spe- 
ctra are found to be free from all B centre lines. 

Further confirmation of the classification of the 

linos in the fluorescence and excitation spectra is obtained 

■5+ 

by recording the spectra in crystals mth Ho cor.ccntration 
between 0. 01 and 5 percent. The intensity of all tho A 
centre lines roaches a maximum at 0.3 percent and does not 
vary much with further increase in Ho^"^ concentration. In- 
tensity of the B centre lines increases with increase of 
concentration. It is also observed that the relative inten- 
sities of the fluorescence linos of oach centre remain, 
unchangeo' with the variation of the concentration. The 
fluorescence spectra recorded for different concentrations 
with selective dye laser excitation are not shewn in figures. 
In the concentration range from 0.01 to 1 percent, the 8.bun- 
darico of centres other than A and B is either very low to 
produce any detectable fluorescence or they arc complecely 
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Table 4.2 t Excitation Spectriim of Ho^'^'^CaP- a.t LST 


Centre A 


Centre 3 


i/av el engt h En er gy 

Intensity 

Wavelength Energy 

Int ensity 

A cm-^ 

(arb. units) 

A cm"^ ( 

'arb. units 


5Iq(z) + 5p^ (j) 


4438. 0 

22526 

7 

4422.0 

22608 

1 

4442.6 

22503 

17 

4448 . 9 

22471 

‘4 

4448. 6 

22473 

20 

4452.2 

22455 

8 

4453. 6 

22447 

6 

4459.4 

22 416 

14 

4458. 3 

22424 

8 

4463.2 

22399 

16 

4467. 1 

22380 

66 

4466. 3 

22384 

10 

4473.6 

22347 

13 

4473. 2 

22349 

20 

4478. 6 

22322 

9 

4478.5 

22323 

32 

4483.2 

22299 

73 

4481.8 

223O6 

58 

4488.6 

22272 

100 

4486. 2 

22284 

54 

4494. 4 

22244 

20 

4489.7 

22267 

105 

4497. 7 

22227 

80 

4491. 3 

22259 

96 

4509.1 

22171 

30 

4493. 7 

22248 

93 

4515.2 

22141 

10 

4.;96. 7 

22232 

16 




.4 4 C; 

22221 

28 




4503. 0 

22201 

8 




4507.^;- 

22180 

18 




4506. 9 

22172 

11 




4513. 2 

22151 

7 




4518. 0 

22128 

6 




4522,5 

22106 

9 


%( 2 ) 

s 

CD 

+ ^PgCO) 



4617.1 

21653 

108 

4616. 9 

21639 

30 

4620. 5 

21637 

1 

4621. 9 

21630 

12 
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Table 4.2 ; (Continued) 


Centre A 


Centre B 


Wavelength Energy 

Intensity 

lav el eng til Bn e r gy 

Intensity 

A 

(arb. units) 

A cm”^ 

(arb. units ) 


4623.8 2l6;a 10 


462'5. 7 

21612 

■58 

4625. -9 

21.611 

14 

4631. 1 

21587 

16 

4631. 4 

21586 

6 

46.34. 0 

21574 

11 

4634 1 

21573 

9 

4643. 3 

21530 

21 

4637.2 

21559 

2 

4644. .8 

215'2.3 

14 

4643. 0 

21532 

77 

4647.5 

21511 

20 

4644. 5 

21525 

14 

4648.8 

21505 

6 

4647. 5 

21511 

14 

4650.5 

21498 

3 

4648. 7 

21505 

14 

4656. 2 

21471 

12 

4650.3 

21498 

34 

4659.4 

21456 

50 

4655. 5 

21474 

32 

1-661.4 

21447 

115 

4656. 4 

21470 

32 

4664. 6 

21432 

24 

4659.4 

21456 

22 

4665. 6 

21427 

16 

4661. 5 

21446 

104 

4672.4 

21396 

7 

4665. 3 

21429 

24 

4674.7 

21386 

14 

4667. 3 

21420 

32 

4677.8 

21372 

13 

4668. 8 

21413 

9 

4679.0 

21366 

10 

-;-670. 7 

21404 

7 

4680. 6 

21359 


4671. 9 

21399 

7 

4682. 5 

21350 

13 

4674. 6 

21386 

35 

4684. 2 

21342 

7 

4676. 5 

21378 

108 

4687.8 

21326 

1 

4678.9 

21367 

16 

4691. 0 

21311 

2 

4680. 5 

21359 

21 

4692.9 

21303 

H- 

4682. 2 

21352 

28 

4698. 4 

21278 

52 

4688. 6 

21322 

10 

4703.2 

21256 

18 

4690. 6 

21313 

11 

4705.6 

21245 

12 

4698. 4 

21278 

5 
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Table 4.2 s (Continued) 


Centre A 



Centre B 


¥avel ength 

Energy 

Intensity 

yavelen 

gth :^.nergy 

Int ensity 

A 

cm*"^ 

{ arb. uni ts ) 

ii 

cm~^ 

(arb. units 

4714. 2 

21207 

13 

4702. 8 

21258 

3 

4717.9 

21190 

16 

4715.8 

21208 

56 

4719.0 

21185 

20 

4718. 0 

21190 

13 

4721.2 

21176 

36 

4720.2 

21180 

31 

4724. 3 

21161 

19 

4727. 7 

211.’ 6 

14 

4729.9 

21136 

6 






^l8(Z) ^ 

P3(P) 

* 


4778.6 

' 20921 

91 

4811.7 

20777 

57 

4796.7 

20842 

22 

4812.6 

20113 

39 

4811.1 

20780 

130 

4817.7 

20751 

47 

4814. 0 

20767 

20 

4819.8 

20742 

7 

4816.3 

20757 

11 

4821.2 

20736 

3 

4817. 9 

20750 

5 

4824. 2 

20723 

38 

4819. 8 

20742 

65 

4826.6 

20713 

14 




4830.8 

20695 

37 

4821.3 

10736 

5 

■■ p :i ' 
■r'- . - 

20687 

160 

4824. 2 

20723 

7 




4826.8 

20712 

3 

4836. 2 

20672 

2 

4830. 0 

20698 

70 

4837. 3 

20667 

2 

4832. 5 

20687 

IS 

4838. 8 

20661 

6 

4833.7 

20682 

3 

4840. S 

20052 

17 

4841.0 

20651 

2 






(z) + 

•"T 

(E) 



5332. 0 

18750 

47 

5325.3 

18773 

6 

5339.4 

18724 

10 

5332.2 

18749 

18 
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Centre A 



Centre 3 


■ffevel ength Sn ergy 

Intensity 

wav el en 

.gtii :^nergy 

Intensity 

A 

cm 

(arb. units ) 

A 

cm”^ 

(arb. units ' 

5345.2 

18703 

10 

5340. 3 

18720 

51 

5360.5 

18650 

14 

5343. 7 

18708 

37 

5362.7 

18642 

12 

5351.5 

18681 

75 

5372.1 

18610 

52 

5359.5 

18653 

24 

5375.7 

18597 

70 

5362.3 

18644 

20 

5380. 3 

•18581 

35 

5363.2 

18640 

20 

5385.4 

18564 

27 

5365.1 

18634 

125 

5393.1 

18537 

26 

5366. 8 

18628 

68 

5397.0 

18524 

a 

5372.0 

18610 

18 

5399.8 

18514 

9 

5374.8 

18600 

40 

5409. 5 

18481 

8 

5378.2 

18588 

15 




5380,4 

18581 

15 




5385.4 

18564 

110 




5393.3 

18536 

70 




5404. 1 

18499 

14 


5 

Iq(Z) - 

rO 

iJ J 



6387.8 

15651 

29 

6382.9 

15663 

30 

6396. 3 

15630 

29 

S3S6. 9 

15653 

32 

6405.3 

15613 

50 

6399.7 

15621 

60 

6405.8 

15607 

24 

6403. 0 

15613 

29 

6409. 3 

15598 

8 

6406. 3 

15605 

15 

6412. 6 

15590 

14 

6409. 6 

155S7 

18 

6423.1 

15565 

15 

6411.8 

15592 

13 




6415.1 

15584 

18 




6419.1 

15574 

9 




6423. 9 

15563 

13 


— 

— 

6427. 6 

15554 

5 

These 

positions corres- 

6432. 2 

15543 

4 

■Dond to the laser 

‘ ex,ci- 




tat ion 

travel ongths and 

6434. 2 

15538 

3 

hence 

the actual 

inten- 

6441. 5 

15520 

5 

sities 

of the lines can- 




not be 

estimated. 
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3+ 

Tatle 4.3 s' Fluorescence Spectrum of Ho ;CaF, at IHl 



Centre A 



Centre B 


¥avel en 

gtH Energy 

Intensity 

tiavelei 

igth Energy 

Intensity 

A 

cm”^ 

(arb. units) 

A 

^-1 

cm 

(arb. units) 



5f^(f) ^ h 

eCz) 



4810.0 

20784 

44 

4810.0 

20784 

9 

4819.0 

20745 

40 

4816.9 

20754 

10 

4827. 3 

20710 

150 

4823.3 

20727 

19 

4848. 7 

20618 

23 

4830. 7 

20695 

109 

4876.7 

20500 

15 

4840. 3 

20654 

55 

4887. 7 

20454 

20 

4853. 5 

20598 

18 

4906. 7 

20375 

19 

4859. 5 

20573 

23 

4917.2 

20331 

40 

4868.7 

20534 

27 

4923.1 

20307 

73 

4886. 2 

20460 

4 

4927.4 

20289 

37 

4899. 3 

20405 

8 

4931. 7 

20271 

57 

4911. 3 

20356 

17 

4942.0 

20229 

10 

4914.8 

20341 

17 




4924.2 

20302 

27 




4946. 3 

20212 

6 




4961. 9 

20148 

2 



+ ^82 (1) 

ig ^ ; 



5293.27 

18G87 

1 

5326.5 

18769 

2 

5308. 6 ‘ 
5323.9 

18832 

6 

5533.0 

18746 

4 

18787 

3 

5341.7 

18715 

9 

5331.9 

18750 

21 

534-r.9 

18704 

9 

5338.8 

18726 

3 

5352.5 

18678 

15 

5345.1 

18704 

4 

5366. 5 

18628 

42 

5360. 5 

18650 

8 

5375.1 

18599 

19 

5362.1 

18644 

8 

5384.9 

18565 

93 

5371.6 

18611 

36 

5393. 5 

18536 

65 
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Centre A 


Centre 

B 


'Wavelength 

Energy 

Intensity 

IJavel ength 

Energy 

Intensity 

A 

cm'"^ 

(arb. units) 

A 

cm 

(arb. units 

531 A. 6 

18601 

67 

540-4-. 3 

18499 

34 

5379.0 

18586 

40 

5412.9 

18469 

27 

5384.3 

18567 

30 

5419. 2 

18.;48 

23 

5393.8 

18535 

47 

5429.8 

18412 

24 

5397.0 

18524 

72 

5437.8 

18385 

40 

5410.2 

18479 

46 

5448.9 

183-;7 

42 

5450.4 

18342 

13 

5471.3 

18272 

9 

5471.2 

18272 

41 

5494.1 

18196 

64 

5483.9 

18230 

25 

5510.9 

18141 

^125 

5488. 7 

18214 

49 




5501.0 

18176 

37 




5506.8 

18154 

56 




5514.3 

18130 

'^150 




5519.6 

18112 

110 




5529.8 

18079 

46 






5 

l8(Z) 



6390.8 

15643 

41 

6382.3 

15664 

11 

6398.8 

15624 

59 

6385.1 

15657 

16 

6405. 2 

15608 

a 

o388. 9 

15648 

22 

6414.5 

15585 

35 

6399.8 

15621 

_a 

6423.8 

15563 

58 

6-;.07. 9 

15601 

31 

6432. 6 

15542 

76 

6411.7 

15592 

35 

6452.9 

15493 

22 

6416. 9 

15580 

42 

6463. 8 

15467 

30 

6420.7 

15570 

30 

6470.4 

15451 

30 

6424. 9 

15560 

47 

6475.6 

15438 

11 

6442.5 

15518 

47 

6479.1 

15430 

26 

6468. 5 

15455 

34 
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Table 4.3 ^ (Continued) 


Centre A Centre B 


IJavel ength 

Energj^ 

Intensity 

t^vel ength 

imergy 

Intensity 

A 


(arb. units ) 

A 

cm~^ 

(arb. units, 

6495. 6 

15391 

15 

6-^86. 7 

15407 

19 




6499.8 

15381 

23 




6557.5 

15246 

12 




6568.3 

1522c 

14 




6589.5 

15171 

13 




663s. 2 

15065 

4 




(Y) 



6383.7 

15661 

8 

6451. 6 

15496 

62 

6400, 9 

15619 

18 

6455.2 

15487 

62 

6406.8 

15604 

25 

6461. 9 

15471 

83 

6411.7 

15592 

22 




6414. 9 

15584 

19 




6425.0 

15560 

15 




6440. 7 

15522 

40 




6447. 2 

155O6 

‘t'S- 




6451.5 

15496 

45 




6456. 4 

15484 

35 




6462.8 

15469 

57 




6470. 9 

15450 

18 




6479. 9 

15428 

94 




6486.3 

15413 

58 




6493.9 

15395 

17 




6504.0 

15371 

29 




6520. 5 

15332 

180 




6554.4 

15253 

11 




6572.2 

15211 

10 






Table 4« 3 s (continued) 
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Centre A Centre B 


.Wav el ength 

Energy 

Intensity 

■;avel engt 

h Energy 

Intensity 

A 

cm"^ 

(arb. units) 

A 

^„-l 

cm 

(arb. units 

6602. 3 

6608. 5 

15142 

17 




15128 

28 




6614. 7 

6624. 7 

15114 

19 




15091 

10 





^4 

+ ^82 (B) 

^ly(Y) 



7441.0 

13435 

1 

7436.2 

1 

2 

7450.0 

13419 

7 

7448.9 

13421 

4 

7452.0 

13416 

2 

7458. 5 

13404 

4 

7458. 9 

13403 

44 

7461.5 

13398 

5 

7464.3 

13393 

9 

■ 7465.6 

13391 

11 

7466.2 

13390 

5 

7469.0 

13385 

3 

7472.5 

13379 

59 

7475. 7 

13373 

3 

7495.4 

13338 

65 

7483. 2 

13360 

25 

7497.8 

13334 

5 

7488.2 

13351 

91 

7504.0 

13323 

99 

7490.4 

13347 

64 

7514.8 

13303 

49 

7493.1 

13342 

62 

7517.0 

13300 

1-t 

7501.9 

13326 

82 

7526.9 

13282 > 

2 

7509 . 8 

13312 

97 

7536.1 

13266 

101 

7515.1 

13503 

3 

7539.3 

13260 

13 

7520.4 

13294 

75 

7544.1 

13252 

36 

7524 . 7 

13286 

34 

7546. 3 

13248 

26 

7535.8 

13266 

6 

7550.6 

13240 

29 




7553.8 

13235 

32 




7583.1 

13184 

18 




® These positions correspond to 

the laser 

excito. tion 

uave- 


lengths and hence the actual intensities of the lines cannot 
be estimated. 

+ The transition assignments for these lines are net sliotm in 
the figures 4.19 aiid 4.20. 
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abstnt. However tlie 5 percent concentration crystal shews 
an entirely different type of spectrum which is discussed 
.in section 4.7. 


As discussed in Chapter 3, by selectively enciting 
each absorption line of both the centres, the decay time 
(decay times) of each fluorGscOi.!ce' lino is studied to con- 
firm the classification of the lines made through the steady 
state spectra. 


Lines in the excitation spectra, are classified by 
measuring the decay times of two representative lines, 53S7. OA 
of centre A and 5437. 81 of centre B. Similarly the decay 
times of all the fluorescence lines are measured by choosing 
two excitations for each centre (4617.1 A and 4778. 6A of 
centre A and 4676. Stand 4826. 8i of contx’e B). I'lie decay times, 
thus measured, agreed with each other within the experimental 
errors, i'ho decay times of the different fluorescing levels 


are sumEiarisod in tablo 4.4. Decay times whic.:i are inte-rme- 
diate between these of centres A and 3 ari.. ebserved in the 
case of overlapping fluorescence lines. 

c {T cr 

iransient behaviour of 53S3. 6A lino of ^Ig 

transition which is present in both the centres is also 
studied by selectively exciting vrith each absorption line 
recorded in the excitation spectrum. A variation of decay 


times from 460 ps to 1100 ps is observed when excited with 
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different A centre lines. An excitation of B centre lines 
resulted in a variation of decay times from 330 p,s tc 600 jis. 
In all the cases the decay curves arc found to fit to sin^e 
exponentials, I'he variation in the dccc.y timfs ever such a 
range initially lead to the suppcsitini tlia.t scvv^ral centres 
of holmium arc present in CaF2. 


4.4 c Decay limes of 
of lio^'^sCaF^ 

Different iluorescing 

Levels 

Fluorescing Level 

Centre A 

Centre 

^F^CF) 

10 ps 

18 ps 

^F^ + 

1100 p.3 

330 ps 

^F^ (D) 

118 ps 

145 ps 


To identify vj-hcthei'’ these variations arc due to the 
pres once of different centres or due to simultaneous presence 
of tvo exponentials uith decay tines 330 \xs a.nd 1100 ps of 
centres B and A respectively (since the spectra always con- 
tained only two sets of lines), curves f(t) of the type 

f(t) = X ^ y ^-t/1100 
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aS^e di'aTO foy different values of x and. j ranging between 
X = 1.0, j — Oi 2 } and. x = 0^05 and j = 1.0. iliey all soom 
to have shapes that dhffer very little (within experimental 
errors) from Single exponentials t/ith apparent characteristic 
times lying between 330 ps and 1100 ps, the exact value 
depending on x/y. lhat there are in fact onljr two centra. s is 
confirmed, by the fact that the fluorescence lines tviiich have 
no overlap show decay times of either 330 ps or 1100 ps only 
when excited on any one of the linos present in the respective 
excitation spectre.. 

Sables 4.2 and 4.3 list the excitation and fluore- 
scence lines classified into different centres. Variation 
of dye laser power with mvclength is not taken into account 
in giving the intensities of the lines in table 4.2. 

4. 6 Results and Discussion 

i’wo different schemes for the Otark components of tlio 

levels 

derived from the observed fluorescence and excitation spe- 
ctra of the two centres. Partial energy level diagrams of 
' 5 + 

Ho sCaF2 shoi-ring the fluorescence and excitation spoerra oi 
different groups of both those centres are shown in figures 
4.16 through 4.21. Since the oxporiments ai'o done at Ibl, 
several Stark components of the ijaa’ticipating levels could 
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be populated as indicated earlier and contribute to fluore- 
scence or absorption. I'his complicates the analysis signi- 
ficantly. 

To arrive at a set of Stark componen’cs^ the fol-loviag. pro 
cedure is adopted. 

It is assumed that the strong linos in the spectra 
are due ^to the lover Stark components of the criginating 
level. ihe assumption could have been checked by looking at 
the intensities cf those lines in the spectra recorded at 
liigher temperatures. This could houever lead to erreneous 
conclusion in the present case for the fcllouing reason. 

The J values of all the participating levels are largo and 
at high temperature the number of thermally accessible 
levels increases. This leads to a large increase in the 
number of lines and probability of overlaps betircen lines of 
different centres, that vfould me,ko intensity cc nparisons 
unreliable. Difference tables are consrruetce. for each 
group of the excits-tion spectrum. li’cro those tables a set 
cf numbers are arrived at, for the ground level (taking care 
tlia,t all these differ^.nces appear in oil the tables). Simi- 
larly difference tables a.re constructed for o.ll the fluore- 
scence groups terminating at (the ground level), and the 

upper Stark components arc derived from thorn. 
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The Stark components of the escitod levels are ebtai- 
ned by adding the energies of th*e absorption lines (from the 
excitation spectrum) to the ground l^vel Stark conpenents and 
a minimum number of Stark components ohich explain all the 
transitions are chosen. As a cross c’lock, it .xa: been vari-- 
fiod that the energy differences between the Stark components 
of each group arc present in the diifcrcnco table for the 
corresponding fLuoroscence group. In ether words both the 
fluorescence and absorption are taken into account to a.rrive 
at the Stark splittings for the upper levels. The set of 
energy levels (table 4. 5) derived for Hc^‘;CaF 2 sire one 
possible set which explains all the fluorescence and absorp- 
tion lines observed in the present experiments. 

4.6.1 The Ground level j ^lg(Z) 

Prom the difference tables constructed for each group 
of the sxcita.ticn spectrum of centre A, one sot cf Stark com- 
ponents at 0,7,33, 75 j 100 and 141 cn”^ cf the ground level 
Sire seen to eorplain the excitation spectra of different 3LJ 
levels. with a choice of Stark ether than the parti- 

cular sot mentioned above, all the absorption lin^^s end the 
relative intensities in the excitation spectra could net be 
explained. Hcrst of the Tjeak s,bscrpticn lines are attributed 
as due to the Sta,rk components above 75 cm 
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Table 4.5 s Partial Energy Levels of Ho^'^:CaE2 Derived from 
the Excitation and fluorescence Spectra 


SIJ Level 


%(z) 


^ly(Y) 


^P +^So 
. 4 ^ 


En ergi es of. Stark C om- 
ponents(cm~'^) 

Ener:>ea oi 

r -r ponents(cm‘' 

SL J Level_;l_ „ 

' Stark Com- 
*-) 

Centre A 

Centre B 

Centre A 

Centre B 

0 

0 

18657 

18652 

7 

10 

18673 

18680 

33 

15 

18702 

18719 

75 

41 

18723 

18758 

100 

76 

18750 

18772 

141 

110 



203 

185 

^E^Cd) 15593 

15561 

328 

236 

15607 

15573 

382 

261 

15620 

15595 

450 

239 

15630 

15616 

478 

412 

15651 

15621 

538 

547 


15653 




15663 

5254 

5239 

ir 


5257 

5257 

^F^(E) 20774 

20695 

5265 

5262 

20787 

20711 

5297 

5272 

20823 

20741 

5334 

5288 

CO 

CD 

0 

20749 

5348 

5306 

20921 

20775 

5379 

5319 


20794 

5411 

00 

H4 

) + 


5442 


21207 

21207 



21223 

21221 

s) 


21241 

21367 

18558 

18574 

21287 

21388 

18580 

18614 

,21442 

21420 

18591 

18622 

21447 

21456 

18631 

18643 

21462 

21474 
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Table 4i 5 s (Contin-ued) 


En er gi es of Stark Corn- 


Energies of Stark Com- 
SLJ Level (cm ponents (cm 


Centre A 


Centre B 


Centre A 


Centre B 




21523 

21545 

21586 

21605 

21638 

21653 


\ (I) 


22273 

22307 

22321 

22389 


21511 

21601 

21613 


22143 

22187 

22221 

22228 


22424 

22477 

22526 

22537 


22248 

22267 

•22297 

22322 

22359 

22384 

22416 

22471 
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A sot of Stark compononts at 0, lO, 15 j 41, 76 and 
110 cm ^ are arrived at in the above manner for the ground 

5 , 

level, Ig of contro B to es^Jlain the B oncitaticn spectrum. 

Higher Sts,rk components of the ground level of both 
the centres arc established through tht, fluorescence from 
+ ^82 and to ^Ig. ihoy arc at 203, 328, 382, 

450, 478 and 538 cm"^ for the centre A and 185, 236, 261, 339, 
412, 467 cm~^ for the centre 3. 


4.6.2 


Transitions involving the levels 


^O^Ci-i) and 


Information about those levels could be obtained only 
through the absorption data, since the -availrhility of the 


laser dyes is limited to the- region from 4400 to 7000A. 
Attempts to separate the lines duo to different centres in 
the region from 3600 to 4200a, using the concentration 
scries method, were not successful as the absorption to 
these levels could bo recorded with only one ccncontration 
(section 4.3). Barycontres of A and. J levels are around 
27740 cm”^ and 2413O cm“^ respectively. 


4. 6. 3 


Transitions Involving levels (I) and 

%g(H) + ^F^(G-) 


Silough levels +■■ 


fluorosccnce from 


5-n. 


•4 


^F^ s^nd ^g + 
+ ^$2 and ^F^ 


^Fp ClTC 

only is 


excited , 
observed 
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' 5 + 

in the present study. Ho-^ ions in these levels cascade 
nonradiatively to. through the emission of phonons, 
since these levels lie quite close to each other. The posi- 
tions of the Stark components -'.f these level;- are established 
only through the excitation spectrum, slioim in figure 4.6. 

The spectra contain fourteen A centre lines a.nc tu-onty one B 
centre linos. Contre A has few and well isoparatod lines in 
this region, whereas most of the E centre linos are broad 
(except for the few lines around 4890a), which may probably 
be due to the presence of several close lines. Excitation 
with most of the A lines in this region resulted in a fluore- 
scence spectrum containing B lines also. In contrast, exci- 
tation with most of the B lines resulted in a pure B fluore- 
scence spectrum which is also confirmed tlircugh the decay 
times measurement. 

Bight Stark components at 22273, 22307, 22321, 22389, 
22424, 22477, 22526 and 22537 cm"^ explain the abaorption 
lines in the A c.^ntre excitation specti-um of "G,.- + ''P-, 

Ox 

(figure- 4.16). IJith this set all the linos except 4515. 2A 
arc explained with maximum error cf + 3 cm The 4515. 2A 

line is very weak and is assigned as due to the transition 
from the Stark component at 141 cm~^ to 22273 cm"^. The 
inaccuracy in this assignment is 9 cm' 
to 2A. 


which corresponds 
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B oxci’ta'fcioii spectrum is explained (with, a maximum 
inaccuracy of + 5 cm T;dLth twelve Stark components (figure 
4.16) at 22143, 22187, 22221,^ 22228, 22248, 22267, 22297, 
22322, 22359, 22384, 22416 and 22471 cm~l. 


hosts 


It he.s been experimentally 
[6,7J that the Stark compon 


observed in many other 


enxE 




ma 


5 -. 


overlap 


each other because cf the very small energy gap betxfoen them. 
Hence the absorption lines of the excitation spectrum in the 
region of 4600A are assigned as duo to both the levels Eg 

5 

and •^P2* ’1'^® spectrum in this region contains tiiirty four 

A centre lines and tliirty 3 centre lines. 'I've lines e,t 
4667. 3A and 4668. 6A present in the A spectrum are found to bo 
due to centre 3, Absorption linos of both the contres in 
this region arc sharp mth half w'idtlis of lA. 


Excitation spectra in tliis region ore explained t'lLtli 
the Stark components cf %g + -^¥2 cib 21207, 21223, 21241, 
21287, 21442, 21447, 21462, 2152 3, 21545, 21586, 21605, 21638, 
and 21653 cm“^ for th. centre A and 21207, 21221, 21367, 

21388, 21420, 21456, 21474, 21511, 21601 and 21613 cm"^ for 
the centre B. liith these sets cf Ste.rk compenents, transi- 
tion assignments (figure 4.17) for all the lines 
region arc made with a maximum error of + 5 ca~^. 


in this 
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4.6.4 Transitions Involving the Level 

Excitation spectra of this level cbta.inod by monito- 
ring 5397. OA and 5437. 8A of centres a rjid B respectively are 
shown in figure 4.8, ALl the .-v linos (oxcopt for the tuo 
linep at 4867.7 and 4906.0A) cire sharper then the B linos 
in this region. In this region the spoctruni contains thir- 
teen B linos and fourteen A lines. 

This level gives rise to fluoresconco in the 480CA 
and 6500A regions, due to the tra-nsitions ''E^ Ig and 
^Irj respectively. 

5 5 

-*■ "^Iq fluorescence spectrum is illustrated in 
figure 4.11. A total of twenty seven lines are observed in 
this region. Centre A 1ms twelve x-rell isolated lines, and 
centre B which has fourteen lines superposed on a broa.d back- 
ground. This has reflected in the ebserx’-ation tha.t, the 
excitation spectral lines of 3 could neV'^r be avoided, wiiat- 
ever be the monitoring xravclerigth (in this region). Lcca.y 
times of all the lincrs in this group are mco>surod o-itii A and 
B cxcita/tions and average va.lues of 10.0 ps and 18 ps are 

5 

observed for F^ of centre ii EjacI b respecrivol^a 

Stark components of this lox'^el for both the centres 

5 ^ 

are cbta.ined from the lo -*■ "'F^ oxcitaticn spectriun and 

bp 

5 5 

F^ Ig fluorescence spectrum. 


Figures 4.18 and 4.19 
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show the transition assignrients for the lines in the diffe- 
rent groups involving this level. All the lines in the exci- 
tation spectra and fluorescence spectra are accounted for 
xhLth a set of Stark components for at 2077 -t, 2C7S7, 20823, 
20884, 20921 cm”"^ for the centre A and at 20695, 20711, 20741, 
20749 , 20775 and 20794 cm”^ for the centre B. 

5 5 

-*■ Irj transition i-jill be discussed in section 

4 » 6 * 6 « 

cr c 

4 . 6.5 transitions Involving the levels + ^82 

The free ion energies of these levels are separated 
by less tha.n 100 cn""^ and since at LIT, transitions are po- 
ssible even from a, itark component at 141 cm"^, the excita- 
tion and the fluorescence spectra in the 5300A region con- 
sists of lines doie tc the :3ta.rk cempenents of both the levels 
F^ and 3,, and they cariT'Ct bu separated cut. 

The excitation spectrum of thesu levels is obtained by 
mGnitormg the xlucrescencc xrem Gi^e s-a-ue lev-^ms. le con- 
tains tloirtecn lines from the centre, A e,nd seveirceor. linos 
from the- centre B. From the moasurcicent of the decc.y times 
it is ideritifioa that the thi'eo lines e.t 5351.4, 5365.1 and 
5367 . OA in the A spectrum a.rc- due to the B centre. Similarly 
the line at 5396. OA in the B spectrum is due to the A centre, 
i-ill the lines cn-e found to have half widths of a2A. Figure 
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4.9 compares the excitation spectra of centres A and B in 
this region. 


It has Been observed in several other crystals con- 
taining Eo^"^ that both the levels + ^82 flnore- 

see; and lead to fluoi’csccnce in the region 75 CGA, in addition 
to tho 53OOA group duo to ■* ^Ig transition. In 

the present experiments it lias been confirmed from the decay 
times measuroment and from the excitation spectra of all the 
lines in the 7500 A group, that the lines of this gx-cup are 


duo to the transition -^F. + '3 


^2 


^Irj only and not duo to 


when 


j £5 55 

I^ -*• -^Ig. 14’"^ I3 fluorescence is not observed even 

K 555. 

F^ (which lies in between + S2 and I4) is sele- 
ctively excited. (It has been observed in Ho^'*':YA 10 ^ [ 23 ] 
that the branching ratios for tho emission from the higher 

c c c c 

excited levels P4> Sp and -^F^ to are much smaller than 

the ratios obtained for tho transitions from these levels 

3 5 

to tho other lower levels. Itirther Ig fluorescence 

5 t" ^ 


V 5j 5j 

^ 6 ^ “^5 


is fcniid to bo Liuch weaker than the 

ET 

flucrescenco) . Ihe -^I., level could not be selectively 
excited, because of the lack of a dye for this I’egion. ihe 
53OOA a.nd 75OOA fluorescence groups arc slioim in figures 
4.12 and 4.15. 

. 5 


Ihe 


.-4 . ^2 

strongest in the observed fluorescence 


Ig transition is observed to be the 


Unlike the 4800 A 
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group, larger nuEiber of lines are observed in the 5500A and 
7600A groups corresponding to centre A than to centre B. 
i'he centres A and B give rise to 24 and 18 lines respectively 
in the 5300A group. Except for the tve lines at 5364. 9A 
and 5393. 5A, all the lines in tho B centre fluor esc once spe- 
ctrum of 5300A are broad nith half vidths aroemd 4A. linos 
corresponding to the centre A in this region hav^ a aaxiniUEi 
half width of 3A. i'he lino appearing at 541 3 .SA in the A 
spectrum is identified as due to the B centre. Similarly 
5309.8, 5410.8, 5471.3 and 5529. 8A linos in the B spectrum 
arc attributed &3 due to the A centre. 

All tho fluorescence and excitation spectral lines 
are explained with the folloi-jing sots of Stark components : 
18558, 18580, 18591, 18631, 18657, 18673, 18702, 18723 and 
18757 cm"^ for centre A? and 18574, I8S14, 18622, 18643, 
I8652, 18680, 18719, 18758 and 18772 cm"^ for centre B 
(figures 18 card 20). 

The 75OCA group contodns s. total of thirty seven 

lines, twontjr of which belong to the a centre end the ethers 

to B centre. lines in this region due to both the centres 

are sharp. ihe 7510. OA line in the A spectrum a.nd the 

7472. 8A and 7504DA lines in the 3 spectrum arc identified 

to be as duo to tho 13 and A centres respectively. Ihe posi- 

5 

tions of the 3ta.rk components of the level are obto.ined 
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by subtracting the energies of the linos in the 7500A group, 
from the energies of the originating Stark components of 
+ ^82 (account is also taken of the fluore- 

scence in deriving th® Stark manifold of I,^). Iho Stark 
components of are identified to be at 5254, 5257, 5265, 
5287, 5354, 5348, 5379, 5411 and 5442 cm“^ for centre A and 
at 5239, 5257 , 5262, 5272, 5288, 5306 and 5319 cm"^ for 

5 

centre B. Transition assignments for the linos involving 

c c 

and + S 2 levels are shown in figure 4.20. 

5 

4.6,6 Transitions Involving the Level P^ and the 
c 6 

■^P^ -^Irr Transition 

3 I 


Pluorescence in the 6500A region has not been analysed 

by the earlier workers probablj/" because of the complexity cf 

5 5 

this group due to the overlapping transitions, P^ and 

^Pr- ^Iq. In the nresent study, different excitations are 
5 b 


used to record the steady stat 


ij CuXiCl b 1' 


nisient spectra to 


5 

•Gsolvo this complexity. Since P- is the lower level, fluo- 


rescence from this level alone is recorc od by exciting 'i-d-th 
the 6328A line cf a 0. 5 mvi (SiDcctra. Physics model 130) Ho-He 
laser. As this is a nonresonant excitation, it lead to fluo- 


rescence from both the centres A and 3. Pluorescexce from 

the level ^P^ to the ground state only is -sri-thin the detector 

5 5 

band width, and monitoring each of those lines, Iq -*■ P^ 
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excitation spectra are obtained. Using the procedure which 
was described earlier, fluorescence and excitation spectra 
are recorded to obtain pure A and B spectra, -*■ 

fluorescence spectrum, shorn in figure 4.15 consists of 
several partially resolved linos. Only two sharp linos, one 
from centre A at 6435. 4A and one from centre 3 at 659S. 7A 
could be chosen for monitoring, since a,t all other positions, 
there is an overlap of A and B lines. ihe excitation 
spectra are shown in figure 4.10. It is confiroiod that those 
two lines belong to the centres a and B respectively by reco- 
rding the exciteition spectra of while monitoring 

these two linos, Kowever, the opectr-un shoxm in figure 4.10 
could not bo confirmed by mcnitcring other lines (no other 
well separated linos could be loca.ted), and thus the separa- 
tion of the two excitation (o.nd similarly the fluorescence 
spectra shomi in figure 4.13) spectra is some what tentative. 

The excitation spectrum contains suvcii lines for A 
and fourteen linos for 3. ihe observed number of lines is 
quite smoill in viexr of the lo-rgo J values of the two 'partici- 
pciting levels. The tiro strong lines at 6433.4 and 6399. 7A in 
the A and B spectra respectively sn-c due to the laser scatte- 
ring. However, there are two absorption lines at these wave- 
lengths, the 'presence of which is confirmed by monitoring 
other fluorescence lines. Following are the Stark components 

of ^Frr arrived at from the difference te^blos for the 

5 
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rr jr j- r- 

^’5 ^13 fluorescence groups and ^Ig excitation 

spectra; 15593, 15607, 15620, 1563 O and I 565 I ca"^ for 
centre A and 15561, 15573, 15593, 15616, 15621, 15653 and 
15663 cm"^ for centre B. Pigurcs -'.ig and 4.21 show the 
transition assignaents for 81.1 the lines in the 65 OOA region 
of the optical spectrua. 

Average values of de-cay tines of fluorescor ce lines 
5 

from of centre a and centre B arc found to be 118 ps ar.d 

145 ps respectively. 

As a second step towards the understanding of the 

65 OOA group, the steady state fluorescor cc in tnis region is 

3 5 

recorded by exciting into Kg + ^2 4617. lA for centre A 

and 4676 . 5A for centre B (figure 4.14). ..Ith the former 

excitation, the fluoresconco spectrum in the 65 OOA region is 

found to contain very sharp lines Tritli a decay time of '\'10 ps 

5 

which is exactly the same as that cf coxTOsponding to 

centre n. Pr- ''lo fluorescence of centr-^ A wo.s found to 
5 c 


be very ueak with this 

excitation. 

Axeix 

at ion 

into the same 

mani f c 1 d or i t h 4676, 54, 

resulted in 

"5 

4b 

flucrcscenco 

of centre 3 onljr. I'he 

difference i 

n the 

flu or 

cscencc inton- 


sities of the- 65 OOA group of centre 3 in figures 4.13 -and 

4.14 is duo to the laser powers at the excitation wavelengths- 

Only few lines a.t 6451.6, 6455.2 and 6461.94 c-ould be identi- 

5 5 

fiod to bo as due to P^ Ir, transition of centre B from 

3 7 
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their very sharp initial decay, characteristic of the 

D 

level of centre B. Broad ’background 'fluorescence at these 
wavelengths is reflected in the- tail of the decay cuivc 
which has a decay tine around 140 ps approsinatGly (chara- 

(T 

cteristic of heasurenent of the decay ti' es could not 

be luade for the very weak lines on the higher wavelength side, 

JT IT 

to identify if there arc any more lines due tc 
transition. 

Transition assigniacnts for all the linos in the 
• Irj fluorescence group could be I'lado using the Stark , 
splittings of the participating levels alre.ady derived from 
the other groups. 

4.7 Steady State and Transient PluoresCi.ncc Spectra of 
the Concentration Series 

Pluorescence spectra arc recorded for oil the crystals 
of the ccnccntraticn scries using 4617. lA of ceivbre A a.nd 
4676. 5A of centre B excitations. 

Ce ntr o A : 

It has been found that the relative intensity of the 
fluorescence linos in each group is unaffected ^.-ath the 
increase of concentration from 0,01 to 5 percent. The inten- 
sity of the A centre lines increases mth concentratien and 
reaches a maximum value around 0.3 percent and docs net 



149 


increase with, further increase of concentration. However, 
the decay times of the fluorescence signals from I*-, P. + So 
and decrease gradually mth the increase of concentration. 

Centr e^ _B; 

Fluorescence from the centre B also increases with 
the increase of cone ontrat ion from C.Ol to 1 percent, except 
that in the 5 percent conccntraticn ciystal the rela.tivG in- 
tensities of the lines shoxr a drastic chengc from that cf 
the other concentrations. fho intensities cf the lines on 
the higher wavelength side of each group show an increase 
relative to the lines on the sherter i-ravol oxigtli side. The 
decay times however, arc found to bvj the so-nc for all lines 
in each group. Proper explanation for the vca'’iation of thc- 
intensities at higher concentrations could not bo given 
because of the insufficient data on hand at present. I'his 
variation is possibly duo t-: increased ion-ion interactions 
at those concentrations. 

COHCLUSIOfS 

Prom the fluorescence and excitation spectra., it is 
concluded that there are tojo prominent centr‘c3 and B for 
in CaP 2 in the concentration region bolo''n 1 percent. 

I'he spectrum becomes complicated in the 5 percent concentra- 
tion crysta.1 and ccxild not bo analysed. nil the lines in 
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‘bliG observed fluorescence and excitation spectra could be 
classified under centres A a.nd 3. i'wo groups a,round 6500A 
and 75OGA are found to be due to ovGrla-ppiiirg ti^ansitions. 

All the lines belonging to different parent levels are iacn- 
tified thrcugii selective excitation studies and the- decay 
time mea-surements. l‘hc dtark coEiponcnts of 

+ ^82, ^F^, \q + ^^2 

centres A and B from the observed spectra. 


for both the 
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CHAPl'ER 5 


FLUORESGEECE ARE EXCIFATIOR SPEiCTRA OF Ho^^sBaFg 

ABST RACT 

Three groups of lines in the region from 5200 to 

5 5 5 

77OOA, assigned as due to the transitions from + S 

5 

and SLTe observed in the fluorescence spectrum of 

5 + 

Ho sBaFg. Excitation spectra are recorded by monitoring 
most of the intense lines in the fluorescence spectrumi 
From the studj- of the excitation and fluorescence spectra, 
all the lines in the observed spectrum are classified under 
one centre. Decay times are also measured to confirm the 
analysis. Partial energy level scheme could be derived for 
some of the levels involved in the observed spectra. 
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5.1 Introcluction 

The investigation on the optical spectra due to diffe- 
"5+ 

rent centres of Ho is also extended to another host viz., 

'5+ 

BaF 2 . The Ho ;BaF 2 crystal has been obtained from the 
Semi Elements Inc. U. S.A a.nd contains 0.1 mole percent of Ho. 

3 + 

Because of the complexity of the Ho spectrum, as 

5 + 

discussed in Chapter 4, the spectra of Ho in BaPp are not 

studied in detail. Some of the earlier studies on this 

system are listed at the end of the chapter. Bansilal [l] 

5+ 

has recently reported the fluorescence spectrum of Ho ;BaF 2 » 

4 - 

recorded in the region from 5200 to 7600A. C\< At laser ras 
used as the excitation source. He, however, did not attempt 
to, analyse the spectriim. In the present work, the spectra 
are recorded using the ^2 laser pumped dye laser. Fluore- 
scence and excitation spectra are recorded to classify the 
lines in the optical spectrum under different centres. 

5. 2 The Spectra Obtained 

As discussed in Chapters 2 and 3? the fluorescence 
spectra are recorded at LHT using Np laser (a broad band 
excitation) and the dye laser (selective excitation). Three 
groups of fluorescence lines are observed in the optical 
region, from 5200 to 7700A. Another group around 4600A, is 
found to be very weak and is not studied in the present 
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experiments. A comparison of this spectra with that of 
Ho^’'’sCaI '-5 (Chapter 4) leads to the following transition 
assignroents. 

FlujDxes,c^enjD^_ T rans ition As s ign men t 

5280 - 5650A + ^Sp (i) ^Iq(Z) 

6300 - 6650A ^F^CD) ^ ^Iq(Z) 

5f^(F) ^ ^ly(Y) 

7450 - 7700A ^F^ + ^Sp (E) 

^14(0) ^ ^Iq(Z) 

To classify the lines belonging to different centres, 
excitation spectra are recorded by monitoring all the lines 
in the 5300^ group, which is the strongest. Monitoring most 
of the lines resulted in a spectrum as sho'wn in figure 5.1. 
But, tdth some of the lines at 5397.1, 5562.6, 5527. 5A etc,, 
all the lines in the excitation spectrum (figure 5.1) are 
reproduced in intensity and position except for three lines 
at 4624.0, 4634.8 and 4642 . 5A in the '^Ig(Z) -»■ %Q(n) + ^Fp(G) 
transition, and one line at 4504 . 3A in the ^lg(Z) ^ + 

P^(I) transition. These lines show a change in relative 
intensity depending on the lines monitored. On excitation 
at most of ^the other lines, all the lines in the fluorescence 
spectrum shown in figures 5. 2 and 5. 3 are reproduced with 
their relative intensities and positions. The variation in 
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the intensities of some of the lines in the spectra indi- 
cates the presence of more tha,n one centre of Ho . The 
centres other than the one rhich gi:ves 'rise to the' excitation 
and fluorescence spectra shot.-n in figures 5.1 to 5 . 3 , could 
not he studied in .de'fcS'il because of their weak fluorescence 
and excitation spectra. 

3 + 3 + 

As in the case of 3m :CaP 2 Ho sCaPp, this 
classification of all the lines shown in figures 5.1 to 5.3 
under one centre, is confirmed from the studies of decay 
times of the fluorescence lines in the 5300A group. 

The following discussion pertains to the strongly 
fluorescing centre only. 

5.3 Discussion 

5 . 3.1 The Ground level ^^IgCz) 

The ground level, Stark components below 150 cm ^ 
are derived from the ^lg(Z) ^Gg + ^P^ (I) and 
^lg(Z) %q(H) + ^Pp(G) transitions in the excitation 
spectrum and ^P^ + ^$2 (P) ^IgCz) transitions in the 
fluorescence spectrum. Higher Stark components of the 
ground level could not be derived since, only one group 
in the fluorescence spectrum terminating in Ig is observed 
to be strong. The 65 OOA group, which also involves the 



ground level ^Iq, is an overlap of ^F[:^(D) -> ^Ip(Z) 


8 ' 


and 


^F^(F) ^1^(1) transitions, and further, the lines of 

this group are too "broad and weak to analyse. ihe higher 

Stark components derived for the grotmd level from the 

5 5 5 • 

F^ + S^ -y Ig transition cannot "loe confirmed tath the 

5 5 

F^ -*■ Ig fluorescence, and therefore they are not given in 


the energy level scheme,'^ The Sta-rk components at 0, 37, 6l, 
86, 111 and 148 cm“^ are found to ezplsiin all the lines 
observed in the excitation spectrum. From the 
fluorescence spectrum, which has a spread of about 1000 cm 
it is clear that the ground level has Stark components even 
upto about 900 cm“^ (assuming that Stark components up to 

150 cm~^ above the lower most are only populated at LilT in 

5 5 N 

the F^ + S, manifold}. 


5.3.1 Trasitions Involving + ^F^ (I) and ^Kg(H) + ^FgCG) 

Since these levels do not fluoresce, the Stark compO“ 

nents are established from the excitation spectrum only. 

5 5 

The excitation spectrum of Gg + F^ contshns sharp and in- 
tense lines on the longer wavelength side and very weak and 
broad lines on the shorter ws.velength side. 

5 5 

Absorption to Kg + Fg is ooserved to be the stron- 
gest in the 4400 to 66 OOA region. All the lines in this 

5+ 5 5 

In the case of Ho sCaF^ all the three groups 5'^? + 

C! CT CT 

and ^F^ to ^Ig are strong, enabling the derivation of 
the upper Stark components of the ground level. 
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gxoup have half vd-dths of ^ 1. 5A. The excitation spectrum 
of this group contains eighteen lines, vhich is a very 
small number, considering the largo J values of the partici- 
pating levels. 

Figure 5.1 shows the excitation spectrum of these 

levels. Figure 5.4 shows the transition assignments made 

for this spectrum. Stark components at 21385, 21427, 21445, 

21474, 21571, 21617 and 21657 cm"^ for %g + ^F^ and 22186, 

22231, 22256, 22288, 22304, 22354, 22388, 22458, 22476 and 
—1 'S H 

22493 cm for Gg + F^ are derived from the excitation 
spectrum. 

5 . 3.5 Transitions Involving levels ^F^ + (E) 

^F^ + -»■ ^Ig is the strongest transition (figure 

5.2) in the observed fluorescence spectrum. This group con- 
tains thirty ei^it lines. All these lines sho’ a single 
value of d.GCs.y l:i: e of 2450 ps ’’ithin experimental errors. 
Excitation spectrum of this level coeild not be obtained as 
this absorption is '.reak. Zence, position of die Stark com- 
ponents of Ellis level could not be derived. 

The 75 OCA group shown in figure 5.3 contains only 
few sharp lines on the shorter wavelength side and lo-rge 
number of weak and broad lines on the longer wavelength side. 
Decay times of all the strong lines of this group (7487.5, 



1«2 
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’^ 4 - 

Table 5.1 s Excitation Spectrum of Ho :BaE2 at LET; 
liGHi 5351. 6A 


Wavelengt'b 

Energy 

■ Intensity 

Wavelength 

Energy 

Intensity 

A 

cm”^ 

(arb. units) 

. A. 

cm~^ 

(arb. units 

5i -*■ 
■^8 

^^6 

5ji 

i?! 

"I -»■ 
■^8 

3- 5- 

^8 + 

F 

2 

00 

o 

22492 

3 

4624. 0 

21620 

96 

4448.4 

22474 

3 

4624. 7 

21617 

114 

4452.0 

22456 

5 

4634.1 

21573 

75 

4454.8 

22441 

7 

4634* 8 

21570 

58 

4458, 6 

22422 

8 

4642. 5 

21534 

31 

4461.7 

22407 

8 

4643.1 

21531 

44 

4465.5 

22388 

10 

4653.2 • 

21485 

13 

4473.8 

22346 

9 

4655. 4 

21474 

11 

4476. 3 

22334 

9 

4658. 6 

21460 

3 

4478.7 

22322 

6 

4661.9 

21445 

10 

4482. 6 

22302 

6 

4663. 6 

21437 

9 

4485.4 

22288 

5 

4665. 6 

21428 

15 

4488. 5 

22273 

6 

4666. 3 

21424 

23 

4489.7 

22267 

19 

4669. 8 

21408 

12 

4491.9 

22256 

18 

4674. 9 

21385 

14 

4492. 9 

22251 

26 

4679.2 

21365 

3 

4495.5 

22238 

22 

4680.6 

21359 

2 

4497.1 

22230 

26 

4683.3 

21347 

2 

4499. 5 

2 2219 

25 




4500. 5 

22214 

81 




'4502. 9 

22202 

18 




4504,3 

22195 

75 




4506.3 

22185 

4 




4508. 0 

22177 

7 




4509.3 

22170 

10 




4513.2 

22151 

3 




4515.6 

22139 

3 
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Table 5.2 : Fluorescence Spectrum of iio^:BaPp at 1BT| 
Ezs4624. 7A 



-- - — 






V/avel ength 

Energy 

cm“^ 

Intensity 

Wav el 3 

Pgth Energy 

Intensity 

A 

(arb. units) 

A 

cm~^ 

(arb. units 

\ + 5g (E) 

- 5ig(z) 




5309.6 


5516. 2 

181 23 

36 

18829 

5 

5527.5 

18086 

48 

5318. 6 

18797 

8 

5529.6 

1608U 

37 

5328, 3 

18763 

9 

5539.7 

18047 

54 

5331.6 

18751 

10 

5550.3 

18012 

33 

5341.3 

18717 

23 

5562.6 

17972 

95 

5343. 5 

18709 

25 

5572. 7 

17940 

26 

5351.6 

18681 

49 

5583.2 

17906 

50 

5364.0 

18638 

35 

5605. 2 

17836 

12 

5366.2 

18630 

39 

5612.2 

17813 

11 

5371.9 

18610 

42 

5627.4 

17765 

8- 

5374.9 

18600 

37 




5380. 8 

18579 

43 

% 

(P) ^lr^(Y) 


5384.1 

18568 

63 

% 

(D) ^Iq(4) 


5387.3 

18557 

62 



5392.6 

18533 

95 

6435.2 

15535 

2 

5397.1 

18523 

90 

6443. 4 

15516 

3 

5407.4 

18468 

100 

0 4 / o 5 

155O6 

3 

5418.1 

18452 

63 

6-;-57.8 

15481 

3 

5427.1 

18421 

71 

0409. 2 

15454 

3 

5439.8 

18378 

94 

6473.8 

15443 

2 

5448.5 

18349 

73 

6483, 0 

15421 

3 

5459.3 

18311 

46 

6497.7 

15386 

5 

5467.8 

18284 

35 

6521.9 

15329 

5 

5474. 3 

18262 

33 

6570.4 

15216 

20 

5480.2 

18242 

39 

6583.8 

15185 

20 

5487. 2 

18219 

37 

6590.3 

15170 

20 

5506.5 

18155 

35 

6601, 0 

15145 

20 



Table 5. 

2 ; 

( continued) 
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Wavelength 

Energy 

Intensity 

wavelength 

Energy 

Intensity 

A 



(arb. units) 

-4 

cm.”^ 

(arb. units) , 

6610.7 


15123 

33 

7647. 9 

13072 

5 ! 

6622. 5 


15096 

12 

7690.1 

1300 c 

3 : 

5p + 

4 

5s2 

(E) ^ 5 

I^CY) 



1 

7470. 8 


13382 

2 



1 

7477. 5 


13370 

2 



!! 

7480.6 


13364 

3 



; ■ ( 

7487.3 


13352 

11 



■ .. i 

7494.0 


13340 

9 



1 

7505. 9 


13319 

8 



1 

7517.7 


13298 

23 



' ■ '' ' 1 

7525.4 


13285 

18 



. , 1 ! 

7531. 6 


13274 

7 



' i 

7540.4 


13258 

6 




7543.4 


13253 

6 




7557.9 


13228 

10 




7563. 5 


13218 

7 




7570.5 


13206 

9 




7579.0 


13191 

13 




7589.2 


13173 

9 




7597.7 


13158 

10 




7602. 0 


13151 

6 




7607.3 


13142 

6 




7611.1 


13135 

5 




7623.9 


13113 

12 




7630. 3 


13102 

11 




7638.3 


13088 

10 






I6f 

7494 . 0 , 7505.9 etc.) show that they originate frosi + ^S-. 

, 4 2 ' 

D 6 Cciy tilllGS of ull0 W 6 S.ll 1x33.03 could not bs rjl6U.3i;[pQl clCCUUS^ 
o.na blicir origliiauing levels ^3^^) or sre 

not known. 

5. 3. 4 Transitions Involving and ^P^ 

Pl-uorescence from these levels in the region around 
65OOA is found to be weak (figure 5.3). Because of the com- 
plexity of the 65001 group due to the overlap of transitions 
5 5 

from ^P^ and this group presently is not analysed. Pur- 

ther, ^Iq -*■ ^P^ absorption is found to be too weak to study 

the P^ level alone. However, since the spectrum is recorded 
by selectively eirciting only one centre, all the lines of 
the 65OOA group are classified as due to one centre only. 

It is planned to groir crystals of BaPp with higher 
concentrations of Ho to study the weak groups in the spectrum, 
and also other' centres which have f;eak fluorescence, 

C01C1USI0H3 

From the fluoresceiscc and e::citation spectra it is 

concluded that there is only one contx'o for in BaP2 (a-t 

this concentration), which has strong fluorescence and obsor- 

.5 

ption. From the observed spectrsi, Itark components of Ig 
(below 150 cm"^), ^G-g + ^P^ and + ^Pg are derived for 
this centre. A decay time of 2450 \is is observed for the 
fluorescence from ^P^ + levels. 
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ClIiiPTER 6 


PLUO:-:,I,SCE10CE, 3PECTRUM OP Tb^'^sCaPo 
ABJ TRiiGl' 

Steady state fluorescence spectra of CaPp with 
different concentrations of Tb are reinvestigated using 
C¥ Ar"^ laser and ^2 laser. Variation in the relative 
intensity of various lines in the observed spectrum indi- 

X-i- 

cates the presence of more than one centre for Tb . 
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6,1 Introduction 

Terbium, uith ius outer snell configuration as 4f® 

in the trivalent state, is of much interest to the spectro- 

scopists since it gives strong fluorescence, practically 

in all the hosts. The ground state of this confirguration 
7 S 

is P, and the next state is I’diich is well seperated 
from the ground state. Earlier works [l to 13] have esta- 
blished the '^P and multiplet positions in various 
lattices. The calculated values of the free ion energies 

[5] of ^^'5^4^5^2,1,0 ^ \ 5279, 4258, 

4947, 5405 , 5632 , 20455 and 26500 cm~^ respectively above 

7 5 5 

the ground level, Pg, and are the only two levels 

that were observed to give rise to fluorescence in the visi- 
ble region. 

Stepanov et-.al [l] and Peofilov [3] were the first 

3+ 

to study, in detail, the optical spectrum of Tb-^ in CaP 2 , 
They observed two types of spectra, viz. , spectrum I and 
spectrum II, depending on the nature of crystal growth con- 
ditions. Spectrum I, appearing in the region 4900 to 6600A 

and spectrum II, appearing in the region 5800 to 4SOOA are 

5 5 

attributed to the fluorescence from and "D^ respectively 
to the ground multiplet. Later, fiabbiner [ 7] also reported 
the fluorescence from and derived an energy level scheme 
consistent with the observed spectra, \jith the assumption 
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of a cubic symmetry. All the earlier spectra are photogra- 
phed, using 'broad band' excitations. 

This work reports a preliminary attempt to reinvesti- 
gate this system using various laser excitations. 

6,2 The Spectra Observed 

As in the case of Sm^sCaP^ and Ho^'*';CaP.^ , the spectra 
are recorded using different laser excitations. Selective 
excitation of using dye laser did not yield detectable 
fluorescence because of very weak absorption of this level. 

5 

and still higher levels could not be selectively excited 

because of the nonavailability of the needed laser dye. lo 

excitation spectra is therefore available to make a complete 

. + 

analysis. Hence the work is carried out with Ip laser and Ar 
laser excitations only. 

The Tb fluorescence is recorded at LET using crystals 
with different concentrations of Tb^"^ (0.03, 0 . 09 , 0 . 3 , 1, 5 
percent by weight of TbF^ in CaPp) and Ep laser as the exci- 
tation source. As mentioned in the earlier chapters, this 
corresponds to a 'broad band' excitation. The fluorescence 
spectrum consists of six groups of lines in the range 5200 
to 6900 A, all of which are from to the ground multiplet, 

^ ^ 2 2. 0 * spectrum corresponding to -»■ ^5,4,3 

transitions is found to be similar to the spectrum I reported 
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■ 

by Rabbiner^ A search for the fluorescence fro'in in the 

froni 4000 "co 5000A licl not yield any result 

Two of the group e, and ^ obtained 
with 3371A laser) excitation are shovn in figure 6.1. 

The other four groups -*■ '^F^ ? 1 0 very weak and are 

not shown in figures. It is seen that the spectra contain 
several weak and unresolved lines in addition to broad 
features. 

i/ith 4880A excitation^ fluorescence is observed in the 

region 5300 to 6900A corresponding to the transitions 
5 7 

^543210 6.2 and 6.3). 1 percent con- 

centration crystal is used for these studies. The table 
6.1 lists the observed fluorescence lines using 4880A exci- 
tation. It may be seen from the figures 6.1 and 6.2 that 

the rel£(fcive intensities of some of the lines observed in the 
5 7 5 7 

transitions and -*■ F^ differ with excitation 

wavelength. This is attribute.' a-s due to the presence of 

3+ 

more than one centre of Tb-^ . Also the spectra obtained in 
the present studies contain a much larger number of lines 
than reported earlier by Rabbiner. A site symmetry of Oh, 
as has been assumed by Rabbiner, cannot explain such large 
number of lines. 

The relative intensity of gross features of the spe- 
ctrum changes significantly with concentration. This can be 
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seen in figure 6.1. Some of the lines at 5423.8, 5802. 6A, 
etc., show a large reduction in intensity ivith concentration, 
lihereas the intensity of the lines at 5430. 6, 5451.9, 5872. 6A, 
etc., increase with concentration, lines at 5794.8, 5822. 3A, 
etc. , do not show much variation in tlie intensity with con- 
centration. The spectra recorded showed some weak lines on 
the longer wavelength side of each group, which were not 
reported earlier. The intensity of these lines increases 

with increase of concentration. These intensity variations 

3+ 

also indicate the presence of several centres of Th . 


The following transition assignments, for different 

groups observed in the spectrum, are made after a comj^rison 

3+ 

with the observed spectra of Tb*^ in various lattices. 


f luorescence Group 


Trans i tion Assignm ent 


5350 - 5540A 
5770 - 5960A 
6140 - 6240A 
6430 - 6520A 
6650 - 6700A 
6770 - 6830A 




Fluorescence due to the ^ "^Fg transition is obse- 

rved to be very weak, which probably is due to the very small 

5 7 

transition probability between and Fg le\’'els. 



5914.8 


5350 -5540 A 



^0^— 5770 - 5960a 

3 

FLUORESCENCE SPECTRUM OF Tb = CaFj AT LNT 
EX: 4880 A. 


FIG. 6.2 


5778.3 
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Table 6,1 ; Fluorescence Spectrum of Tb^'^sCaPp at lI-ITj 
lx;4880A of Ar"^ laser 


Wavelength 

Energy 

Wavelength 

Energy 

A 

cm~^ 

A 

cm“^ 



5814.0 

17195 



5819.2 

17180 

5378,9 

18585 

5822.3 

17171 

5386. 0 

18561 

5828.5 

17152 

5390.0 

18548 

5838.7 

17122 

5402. 7 

18504 

5845.7 

17102 

5407.6 

18487 

5853.7 

17079 

5413. 5 

18467 

5868. 6 

17035 

5417. 9 

18452 

5872. 6 

17024 

5423.8 

18432 

5878.1 

17008 

5427.7 

18419 

5881.1 

16997 

5430.6 

18409 

5886.1 

16984 

5451.9 

18337 

5890.1 

16973 

5477.0 

18253 

% 

5895. 6 

16957 

5508.1 

18150 

5914.8 

16902 

5513.2 

18133 

5931. 3 

16855 

5525.9 

18092 

5953.0 

16794 

5539.1 

18049 

5956.0 

16785 

- 

^4 

"a 


7f3 

5772.2 

17320 

6145. 7 

16267 

5778.3 

17301 

6158. 3 

16234 

5783.4 

17286 

6159.8 

16230 

5788. 6 

17271 

6162.5 

16223 

5791.7 

17261 

6165.7 

16214 

5794.8 

17252 

6174.4 

16192 

5798.0 

17243 

6184.1 

16166 

5802. 6 

17229 

6188. 5 

16155 

5807.8 

17214 

6194.4 

16139 



177 


Table 6.1 2 ' 

(continued) 



V/avelengtli 

Energy 

Wavelength 

En ergy 

A 

cm 

A 

cm 

6206.3 

16108 

6779. 9 

14 745 

6212.8 

16091 

6785. 6 

14 733 

6216. 6 

16082 

6798. 6 

14705 

6220. 4 

16072 

6824. 5 

14649 

6222. 5 

16066 

6829.8 

14638 

6225.7 

16058 



6227. 9 

16052 



6231.1 

16044 



6234.3 

16036 



\ * 

^2 



6437.8 

15529 



6450. 3 

15499 



6453.3 

15492 



6462. 3 

15470 



6475.2 

15438 



6479.2 

15430 



6487. 2 

15411 



6498.1 

15385 



6500.1 

15380 



6504.1 

15371 



6510.8 

15355 







6652.8 

15027 



6669. 9 

14889 



6688.7 

14947 




^0 



6772.2 

14762 



6774.8 

14757 
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5 7 

transition is observed to be the strongest in the 
5 7 

fluorescence spectrum. ^3 ? i o found to 

be weak. In general, all groups are observed to be very 

broad, which is probably due to the presence of large number 

5 + 

of lines due to several centres of I'b-^ . 

Further detailed study to understand the spectra by 

selectively exciting each centre is planned. I-IoT/ever, it is 

safe to conclude even at this preliminary stage that even 

the spectrum 1 itself is made of fluorescence from several 
5 + 

kinds of Tb-^ centres. 
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